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ABSTRACT 
The key aim of this thesis was to develop titanium-containing mesoporous catalysts (Ti-
MCM-41) and supported Pt catalysts on mesoporous materials (Pt/Al-MCM-41) with specific 
functionality to direct the target reactions by a green method. Both catalysts have high 
surface area and size-confined nano-pore to enhance the activity for oxidation reactions.  
A one-pot room-temperature direct synthesis method was developed for a series of 
amorphous Ti-MCM-41 with and without Brønsted acid sites (BAS). The investigation was 
focused on the relationship between the acidity and the formation of surface active sites for 
cyclohexene oxidation using hydrogen peroxide. The formation of intermediates peroxo-
titanium and superoxo-titanium was confirmed by diffuse reflectance UV-visible 
spectroscopy and electron paramagnetic resonance (EPR) spectroscopic studies.  
The relationships between Ti precursors and the local coordination structure of Ti-MCM-41 
were investigated and evaluated in cyclohexene oxidation. DRUV-visible and EPR 
spectroscopies investigation have provided evidence that the nature of the oxo intermediates 
formed on contact with H2O2 depends on the intrinsic local structure and environment of the 
Ti ions.  
Well dispersed and size-confined Pt nanoparticles into Al-MCM-41 were successfully 
prepared and evaluated in benzyl alcohol oxidation. With a small amount of acidic OH 
groups covered by Pt particles over Pt/Al-MCM-41 exhibited excellent conversion and 
selectivity due to the electron transfer between Pt and the supports.  
The influence of the alkali-treatment of Pt/Al-MCM-41 on the mesoporous structure for 
benzyl alcohol oxidation was investigated. Alkali-treatment apparently influenced the pore 
properties and the surface area of the catalysts. The catalysts prepared with acidic supports 
had higher conversion than those with alkali-treated catalysts.  
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1. Literature Review 
1.1 Background Information of Energy Resources 
Industry depends heavily on cheaply available fossil feedstocks to meet the ever growing 
demands for fuel, fine chemicals, fertilizers, lubricants, solvent, waxes, coke etc. [1]. Fossil 
feedstocks have a low extent of functionality (e.g., -OH, -C=O, -COOH), which makes these 
feeds directly suitable for use as fuels and chemicals after appropriate catalytic processing [2]. 
Currently, fossil fuels, such as petroleum, coal, and natural gas, are responsible for about 
three-quarters of the world’s energy, each corresponding to 33, 24, and 19%, respectively [2, 
3]. Unfortunately, the burning of fossil fuels or their derivatives to produce heat and power 
has contributed to the increase in levels of carbon dioxide (CO2) in the atmosphere directly 
associated with global warming in recent decades as shown in Figure 1-1 [1, 4].  
Ongoing depletion of non-renewable fossil resources has increased the pressure for 
sustainable utilization [2, 5] and increased the interest in utilizing alternative sustainable 
sources of energy and organic carbon to meet future demand [6]. The current alternative 
sources are nuclear power (5%), hydropower (6%), and biomass (13%), representing 
currently about one quarter of the world’s primary energy consumption [3]. Considerable 
attention has been paid to the issues around the transformation of biomass and biomass 
derived chemicals into fuel and value-added chemicals for the sustainable development [7, 8]. 
 
Figure 1-1: CO2 cycles for petroleum- and biomass-derived fuels adapted from Ref [4] 
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Biomass represents an abundant and underutilized resource. It can be obtained from 
agricultural crops and residues, forestry crops and residues, industrial residues, animal 
residues, municipal solid waste and sewage [9] through the reaction between CO2 in the air, 
water and sunlight, via photosynthesis, to produce carbohydrates that form the building 
blocks of biomass [1, 8]. The total biomass production is approximately 100 billion tones 
organic dry matter of land biomass per annum and 50 billion tones organic aquatic biomass. 
Food use is only 1.25% of the entire land biomass. The rest is unused or recycled into the 
earth system [1].  
Biomass can be converted into three main products - electrical/heat energy, transport fuel, 
and chemical feedstock [8]. Biofuels produced from renewable resources, such as plants or 
organic waste could reduce the world’s dependence on oil and therefore the CO2 produced 
through fossil fuel burning [1]. As shown in Figure 1-1, the CO2 released in burning biomass 
equals the CO2 tied up by the plant during photosynthesis and thus does not increase the net 
CO2 in the atmosphere [1].  
Bioethanol is the most abundantly produced biofuel. With a 2006 production scale of 13.5 
billion gallons, it accounted for more than 94% of total biofuel production, increasing to 17.2 
billion gallons in 2008 [4]. Biodiesel is the second most abundant renewable liquid fuel, with 
an annual production of 4.3 billion gallons in 2008 [4]. Liquid biofuels derived from 
renewable plant mass, are unique in their similarity to the currently preferred fuel sources [4] 
and their implementation does not require extensive changes to the transportation 
infrastructure and the internal combustion engine [4]. Thus, biomass has received 
considerable attention as a sustainable feedstock that can replace diminishing fossil fuels for 
the production of energy, especially for the transportation sector [4]. A report authored by 26 
leading experts, the “Roadmap for Biomass Technologies”, has predicted that by 2030, 20% 
of transportation fuel and 25% of chemicals will be produced from biomass [2].  
 
1.2 Biomass and Biorefineries 
1.2.1 Biomass 
Biomass, and particularly lignocellulosic biomass, is an abundant and sustainable source of 
carbon for the production of renewable fuels and value-added chemicals. There are three 
general classes of feedstocks derived from biomass: starchy feedstock including sugars, 
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triglyceride feedstocks, and lignocellulosic feedstocks [4]. The chemical structures of these 
feedstocks are shown in Figure 1-2. 
 
Figure 1-2: Illustration of the main constituents of renewable feedstocks: a) lignocellulose, b) fatty acid 
esters and c) starch and sugars adapted from Ref [10]. 
 
Starchy feedstocks are comprised of glucose polysaccharides joined by α-glycosidic linkages, 
which are easily hydrolysed into the constituent sugar monomers and can be easily processed 
in first generation bioethanol facilities [4]. Triglyceride feedstocks are comprised of fatty 
acids from both plant and animal sources. Various vegetable oils, waste oil products and algal 
sources provide triglycerides for biodiesel production by transesterification or processing by 
hydrocracking [4, 10]. However, both starchy and triglyceride feedstocks are important food 
sources. Their use as feedstocks for biofuel production can drive increases in food prices and 
is central to the tension between the food-versus-fuel debate [1].   
Lignocellulosic biomass from sources such as switchgrass, miscanthus, agricultural residues, 
municipal wastes, and waste from wood processing [4] is abundant, inexpensive and  
nonfood related material. However, it requires being broken into its constituent parts to be 
efficiently processed by specific refining strategies. Lignocellulosic biomass is generally 
composed of hemicellulose (25-35%), cellulose (40-50%), and lignin (15-20%) (Figure 1-3) 
[4, 10]. The lignin fraction of biomass is an amorphous aromatic polymer with a 
methoxylatedphenylpropane structure. The hemicellulose fraction of lignocellulosic biomass 
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is an amorphous polymer that is generally comprised of five different sugar monomers, D-
xylose, L-arabinose, D-galactose, D-glucose, D-mannose, with xylose being the most 
abundant [4]. Hemicellulose surrounds the cellulose fibres and links the cellulose and lignin 
[3]. Cellulose is a polymer of D-glucose units lined via β-1,4-glycosidic linkages, imparting 
the structure with rigid crystallinity that impedes hydrolysis [4].  
 
Figure 1-3: Illustration of the constituents of renewable lignocellulose feedstocks adapted from Ref [3]. 
 
Carbohydrates derived from lignocellulosic biomass comprise the largest fraction of 
terrestrial biomass feedstocks [11]. Their conversion into valuable products can be envisaged 
by subsequent selective transformations of a set of platform molecules that constitute the key 
intermediates for molecular diversity [11]. Unlike petroleum which contains limited 
functionality, biomass-derived carbohydrates contain excess functionality for use as fuels and 
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chemicals.  The challenge in this field is to develop methods to control the functionality in 
the final product [2]. Whereas much effort currently focuses on production processes for 
platform molecules, their true potential for further conversion remains largely unexplored 
[11].  
1.2.2 Biorefineries 
The biorefinery, with its new chemical, biological and mechanical technologies, is a central 
element in the transition to a more energy-efficient and environmentally sustainable chemical 
and energy economy [2]. Integrated biorefineries can produce both high-value chemicals and 
high-volume, low-value transportation fuels, optimizing profitable operations to meet energy 
demand [2]. Figure 1-4 shows how a traditional petroleum-refinery can accept mixtures of 
fossil and biomass resources by using catalytic fast pyrolysis, generating bio-oils. Other 
specific catalytic processes for the transformation of biomass compounds generate fuel drop-
ins and new bio-platform molecules.  
   
 
Figure 1-4: Overview of subsitution of biomass for petroleum fractions in imporant catalytic processes of 
crude oil refineries and the drop-in strategy adapted from Ref [12, 13]. 
 
Scheme 1-1 shows how processing for biomass transformation includes biological, thermal, 
and/or chemical conversion, in addition to mechanical treatment to obtain solid, liquid, or 
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gaseous fuels and/or valuable chemicals. Conversion technologies include fermentation of 
hydrolyzed biomass to ethanol, transesterification of natural oils (plants and algae) to produce 
biodiesel, and the thermal breakdown of lignocellulosic biomass to produce a variety of 
hydrocarbon fuels and chemicals. The thermal conversion pathways include gasification, 
thermal cracking and pyrolysis. Lignocellulosic biomass can be converted into bio-oil by fast 
pyrolysis, which is one type of renewable liquid fuel. The bio-oil can then be gasified to 
result in the production of non-condensable gases (syngas) or can be separated to give 
phenolic compounds and/or carbohydrate fractions. The carbohydrates obtained from bio-oil 
are viable for the production of region- and stereochemically pure esters, carboxylic acids, 
and alcohols [3]. The syngas is followed by other processes such as Methanol Synthesis and 
Fischer-Tropsch Synthesis (FTS) to convert the syngas to alcohols, with subsequent 
production of olefins and/or gasoline [3].  
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Scheme 1-1: Process flow in a modern wood-based biomass biorefinery. MTO: conversion of methanol into olefins, MTG: production of gasoline from methanol, 
MTP: formation of propene from methanol adapted from Ref [3]. 
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1.3 Catalytic Conversion of Lignocellulosic Biomass to Biofuels and 
Chemicals 
 
Catalytic conversion of biomass is one of the important and greener approaches to improve 
the profitability of biorefinery. The process is cheaper and faster and the reduced use of toxic 
chemicals generates less wastewater [14]. Specific chemical transformations are achievable 
within very short time with the addition of fewer catalysts, significantly reducing production 
costs and health and environmental risks [14]. According to the North American Catalysis 
Society, more than 60% of chemical synthesis and 90% of chemical transformations in 
chemical industries are using catalysts with an increasing rate of 5% per year [14]. 
Approximately 35% of global GDP rest on catalysts and the sales of catalysts were between 
15.5 billion USD [14]. 
In general, a variety of fuels and chemical intermediates can be produced from carbohydrates 
by employing various types of reactions including hydrolysis, dehydration, isomerization, 
aldol condensation, reforming, hydrogenation, and selective oxidation (Scheme 1-2) [2]. 
Selective oxidation reactions using heterogeneous catalysts are the key focus of this study. 
The heterogeneous catalysts used for these reactions can include acids, bases, metals, and 
metal oxides [2]. Utilization of heterogeneous catalysts for biomass conversion was chosen 
for study since it promises easy separation with less wastewater generation and recent 
nanotechnology and advanced surface technological developments have enhanced to 
potential of the solid catalysts as outstanding candidates for further clean reactions.  
 
 
 
 
 
25 
 
 
Scheme 1-2: Chemical routes involved in the production of fuels and chemicals from carbohydrate-based feedstocks in a biorefinery adapted from Ref [2]
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1.4 Catalytic Selective Oxidation Reactions of Biomass-derived 
Chemicals  
 
1.4.1 Introduction  
Scheme 1-3 shows the process of converting the biomass by fast pyrolysis or liquefaction into 
bio-oil which contain alcohols, acids, aldehydes, alkenes, alkanes, which can then be 
upgraded to generate light alkanes or hydrodeoxygenation to gasoline on zeolite. The 
biomass can be converted to syngas by gasification. The syngas is followed by oxosynthesis 
to mixed alcohols, Fischer-Tropsch Synthesis (FTS) to alkanes and Methanol Synthesis to 
alcohols, with subsequent production of olefins and gasoline. The fermentation of hydrolysed 
biomass converts to ethanol, and the aqueous-phase processing to liquid alkanes. Therefore, 
alcohols, alkenes and alkanes can be the main compounds generated from biomass 
transformation. These biomass model compounds can be further processed to generate 
important and high value intermediates such as epoxies, aldehydes, ketones and organic acids 
via oxidation reactions.  
 
 
Scheme 1-3: Process flow in a modern biomass biorefinery. MTO: conversion of methanol into olefins, 
MTG: production of gasoline from methanol. 
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Oxidation catalysis not only plays a crucial role in the current chemical industry for the 
production of key intermediates such as the alcohols, epoxides, aldehydes, ketones and 
organic acids shown in Scheme 1-4 and Table 1-2 [15], but also contributes to the 
development of novel green and sustainable chemical processes that employ transition metals 
as substrate-selective catalysts and stoichiometric environmentally friendly oxidants, such as 
molecular oxygen or hydrogen peroxide or air [16]. Oxidation, the second largest process 
after polymerization which contributes ~30% of total production in the chemical industry [15] 
and more than 60% of the chemicals and intermediates synthesized as products via catalytic 
processes [17], is a key reaction in organic synthesis and will play a main role in the 
development of value-added chemicals from biomass. Selective oxidation is conducted to 
form chemical intermediates that have specific functionality and this reaction is carried out in 
the presence of aqueous or organic solvent or solvent-free at temperatures from 330 to 420 K 
and oxygen pressure of 2-10 bar in the presence of supported metals, transition metals or 
metal oxides [2]. Oxidizing reagents including permanganate and dichromate have been 
employed for the oxidation of alcohols, but these stoichiometric oxidants are expensive 
and/or toxic, and produce a large amount of heavy-metal wastes [15]. The development of 
heterogeneous catalytic systems using O2 or air as an oxidant is cheap and safe and produces 
water as the by-product [15]. It offers a green alternative to traditional, toxic chemical 
oxidants [18].  
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Scheme 1-4: Mechanism of oxidation of alkane and primary alcohol to aldehyde or carboxylic acid, 
secondary alcohols to ketone and alkene to epoxide and diol. 
 
1.4.2 Homogeneous and heterogeneous oxidation catalysts 
Industrial catalysis can be divided into homogeneous and heterogeneous types [18]. The 
flowchart in Figure 1-5 sets out the disadvantages, advantages and features of these two types 
of catalysts. For over 100 years, in industrial manufacture of fine chemicals, selective 
oxidative transformations are still widely performed by the homogeneous catalysis (e.g. 
organic peroxyacids and transition metal reagents) achieving high activity but with 
challenging separation and large volumes of wastewater from separation as the homogenous 
catalysis dissolves in reaction medium [14, 19]. Homogeneous catalysts also cause corrosion 
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to the industrial materials and some of them are deposited on the wall of the reactors [14]. 
The use of heterogeneous catalysts and molecular oxygen or hydrogen peroxide for liquid 
phase oxidation reactions offers a green alternative to traditional, toxic chemical oxidants 
providing for easier separation with less wastewater generation and potential reuse of the 
catalysts, if the reaction does not over-oxidize [18, 20].  
 
 
Figure 1-5: Advantages and disadvantages of homogenous and heterogeneous catalysts adapted from Ref 
[14]. 
 
The performance of the heterogeneous catalysts is mainly determined by three factors: active 
sites, supports and promoters [15].  Two types of metals are frequently used as active sites for 
Catalysts 
Homogeneous  
Advantages: 
Same phase  
Dissolves in reaction medium 
High selectivity  
Disadvantages: 
Difficult separation  
Reactor corrosion 
Large amount of waste 
Complicated handling  
Heterogeneous 
Advantages: 
No solvent required 
Stable 
Reusable 
Easy separation 
Less waste generation 
Disadvantages:  
Poor selectivity 
Nonselective to chiral catalysis  
Reaction mechanisms are often 
unknown 
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selective oxidation reactions: nonprecious transition metal (NTM) oxide catalysts, such as 
Mn, V, Mo and Ti in the form of metal oxides and noble metals including Pd, Pt, Au and Ru 
[15]. Metal oxides represent one of the most important and widely used solid catalysts, either 
as active phases or supports [21]. Catalytic metal oxides are much more complex than the 
corresponding metal-based catalysts because they can terminate with multiple surface 
functionalities and exhibit several cation oxidation states [16]. The noble metal nanoparticles 
are too active and their use results in poor selectivity for the desired product and may tend to 
agglomerate. To avoid these drawbacks, metal nanoparticles are typically loaded on metal 
oxides or porous supports, which prevents agglomeration and makes their handling and 
recovery easier [22]. The activities of noble metals are generally higher than those of 
transition metal oxides, while the significant lower costs of NTM make them competitive to 
noble metals at the economical point of view [15].   
Nowadays, metal supported catalysts have been extensively used in the oxidative process for 
the manufacturing of bulk as well as fine chemicals. Although supports are typically inert 
(silica, alumina, carbon, etc) in some cases, some surface chemistry (acidity, basicity or redox 
properties) is introduced to further tune the catalytic activity of the nanoparticles via metal-
support interaction [22]. Some major metal oxide catalysts with their acid-base properties [23] 
are summarized in Table 1-1. Currently, oxidation by gold has become of relevant interest in 
organic chemistry, potentially providing green processes based on environmentally friendly 
oxidants air, pure O2, and H2O2 [24]. Au is relatively more inert for oxidation of alcohols 
compared to Pd and Pt. Base has to be added because it facilitated the abstraction of H from 
the hydroxyl group of alcohol that Au itself is unable to perform [24]. The frequently used 
supports for Au are C, CeO2, and TiO2 [15]. Under mild conditions (333 K), no reaction 
occurred when AC-supported Au was used as a catalyst. Au/CeO2 gave a higher selectivity 
for oxidation of allylic alcohol because Au-H hydride can be more easily oxidized by O2 
compared to Pd/CeO2 [15]. Under relatively harsh conditions (433 K, 10 bar of O2), high 
activity was obtained over TiO2 supported Au without adding base [15].  Fang et al. [18] 
investigated amphoteric materials and the effects of their acidity/basicity on benzyl alcohol 
oxidation in p-xylene solvent at 393 K in the absence of an oxidant. The Au/Al2O3 showed 
the highest conversion 32% but the lowest aldehyde selectivity 18%, whereas Au/MgO 
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showed the highest selectivity 99% but the lowest conversion 20% [18]. Au/hydrotalcite (HT) 
exhibited similar selectivity to Au/MgO, but at approximately 10% higher conversion [18]. 
From NH3/CO-TPD, Au/HT and Au/MgO possessed higher concentrations of basic sites than 
the other catalysts [18]. Au/HT had both strong acid and strong base sites. Au/SiO2 had 
neither acid nor base sites, and Au/MgO had only strong base sites [18]. The catalysts with 
neither acid nor base sites were almost inactive, whereas the catalyst with the highest acidity 
and basicity had the highest conversion of alcohol and selectivity to aldehyde [18].  
Table 1-1: Major metal oxides catalysts with their acid-base properties adapted from Ref [23] 
Metal oxide Oxidation state Acidity type Acidity strength  Basicity  
SiO2 +4 Brønsted Medium-weak None 
V2O5 
 
High 
 +5  
Lewis Medium to strong None 
MoO3 High 
 +6  
Brønsted Medium to strong None 
γ-Al2O3 
 
Medium  
+3  
Lewis Strong Weak 
TiO2, Fe2O3, Cr2O3 
 
Medium  
+3 to +4 
Lewis Medium Medium-weak 
ZrO2, SnO2, CeO2 
 
Medium  
+3 to +4 
Lewis Medium-weak Medium-
strong 
MgO, CaO, CuO, ZnO Low 
+1 to +2 
Lewis Medium to very weak Strong to very 
strong 
 
Interactions between supports and active sites greatly influence the catalytic performance of a 
catalyst by modifying the physical and chemical status of active sites [15, 25]. The support is 
there in order to maintain the integrity of the metal phase, and without the support, the metal 
would undergo sintering very rapidly and would therefore lose activity [25]. Metals are 
usually loaded by impregnation, anionic adsorption, or cationic exchange [26]. Metal 
promoters such as bismuth or lead are added to Pd- or Pt-particles supported on active 
carbons by impregnation with a solution of promoter salt or by redox surface reactions [26]. 
The metal particles are usually supported on active carbons, which present the advantages of 
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high stability, high mechanical strength, excellent electron conductivity and inertness under 
reaction conditions [14, 26]. However, the drawbacks of the use of active carbon as the 
support are high temperature activation, expensive and emission of greenhouse gasses during 
pyrolysis [27].  
Porous materials with large surface area affording high dispersion of active sites open ready 
routes for the heterogenization of homogeneous catalysts with the advantages of high activity 
and single-site active sites [28]. There are three classes of porous materials: microporous (e.g. 
zeolite, porous glass and active carbon), mesoporous (e.g. silicon dioxide) or macroporous 
material [25]. 
The microporous zeolites have micropores with the size of 0.2 to 2 nm. The incorporation of 
transition metals, Co
2+
, Mn
2+
, Fe
3+
, and Ti
4+ 
into the framework has been widely used for 
selective oxidation reactions [28]. Crystalline microporous titanium-substituted zeolites 
named as TS-1 (xTiO2.(1-x)SiO2, where x between 0.0001 and 0.04) was discovered by 
Taramasso et al. [29] at Enichem represents the next milestone in the history of solid 
epoxidation catalysts because of their remarkable selective oxidation properties [30]. The 
catalysts containing Ti(IV) distributed in the crystalline framework by isomorphous 
substitution of a part of the silicon atoms [31, 32]. These catalysts were synthesized by 
hydrothermal method, mixing silicon oxide source with titanium oxide source and the 
reaction took place in the aqueous phase at a temperature of 130 to 200°C, following calcined 
at 550°C [29]. TS-1 is hydrophobic, the titanium active sites are effectively screened from 
bulk water and thus allow for the use of aqueous H2O2 as an oxidant [33, 34]. However, they 
cannot effectively catalyze bulky molecules, which have no access to the active sites located 
inside the micropores [31, 32, 35]. 
In 1992, a significant change took place in nanoporous science when Mobil researchers 
reported an aluminosilicate synthesis with uniform size in the mesopore range (2 to 50nm) 
named MCM-X (Mobil Crystalline of Materials) [36, 37]. The development of mesoporous 
materials created the option of catalysts in the oxidation of bulky molecules. The catalytic 
community is interested in such materials because of their potential to transform large 
molecules to meet the demands of the fine chemicals industry, refining of heavy petroleum 
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components, and transformation of biomass to fuels [24]. The exploration of new 
formulations to generate morphologies and controlled particle sizes of mesoporous silicates 
was a crucial step in research of applications [38]. Pure silica showed limited catalytic 
applications, requiring the incorporation of metal sites in the silicate framework for their use 
in catalysis [38].  Mesoporous silica have very large internal surface areas (600-1000 m
2
/g) 
and their inner and outer surfaces have a profusion of pendant silanol groups (≡SiOH) 
making them ideal supports for single-site heterogeneous catalysts which exhibit high 
selectivity leading to the production of sharply defined molecular products [39]. More than a 
quarter of the elements of the Periodic Table may be grafted as active sites onto such silica 
creating abundant scope for new catalytic opportunities [39]. Introduction of noble and/or 
transition metals to the mesoporous materials enhances the oxygen removal capacity and/or 
promote decarboxylation reactions[3]. The incorporation of transition metals as active sites 
into the framework of mesoporous materials MCM-41, MCM-48, MCM-50, HMS, MSU, 
SBA-6 and SBA-15 [40] offers an opportunity in oxidation of bulky reactant molecules due 
to their high surface area which could allow more efficient dispersion of active sites, and the 
large and uniform pore diameters in the mesopores range, which could favour the diffusion of 
bulky molecules [32]. The different pore structures of mesoporous materials are shown in 
Figure 1-6 [41-43].  
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Figure 1-6: Pore structure of mesoporous materials: (a) MCM-41/SBA-15; (b) MCM-48; and (c) MCM-50; 
and (d) SBA-6 adapted from Ref [41-43]. 
There have been  interests in the incorporation of the metals (M
n+
) with high redox potentials, 
Cu
2+
, Fe
3+
, Mo
3+
, Cr
6+
, Ti
4+
, or V
5+
, into mesoporous materials, and these catalysts have been  
widely used in oxidation reactions shown in Figure 1-7 [44, 45]. Firstly, the active species are 
impregnated on inorganic supports, then anchor one of the ligands of a transition metal 
complex on inorganic or organic carrier, including the metal complex within the cavities of a 
mesoporous materials (“ship in a bottle”). Then exchange the Lewis acid in mesoporous 
materials, and finally by synthesizing molecular sieves with framework Lewis acids able to 
carry out oxidation reactions [46]. 
Promising properties, such as high surface area, large pore size and low diffusion limitations 
[47] have been observed for Ti-MCM-41 as catalysts for the selective oxidation of large 
organic molecules in the presence of tert-butyl hydroperoxide or dilute H2O2. Koyano and 
Tatsumi [44] investigated the optimal conditions, such as Si sources, surfactant/Si ratio, pH 
and surfactant concentration, for the hydrothermal synthesis of Ti-MCM-41 using tetrabutyl 
orthotitanate (TBOT) as the Ti source. Increasing surfactant/Si ratio changes from hexagonal 
into cubic, and then into lamellar. The chloride-containing system favoured the hexagonal 
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structure than the bromide-containing system. The optimum pH for the hexagonal phase was 
found to be in the range of 11-12. When the pH is lower than 11, the formation of amorphous 
materials. In 2001, Yu et al.[31] synthesized Ti-MCM-41 using TiCl3 solution as the Ti 
source and different auxiliary templates, tetramethylammonium hydroxide (TMAOH), 
tetraethylammonium hydroxide (TEAOH), tetrabutylammonium hydroxide. Among them, 
TMAOH and TEAOH were found to be the most effective auxiliary templates to improve the 
long-ranged order of the molecular sieves[31]. Hagen et al.[48] reported the synthesis of Ti-
MCM-41 by post-synthetic modification of the support with titanium alkoxides. Laha and 
Kumar[49] synthesized promoter-induced Ti-MCM-41 (Si/Ti = 52) with particle size of 240 
nm using TBOT as Ti source with the addition of phosphoric acid as the promoter by 
refluxing the gel mixture for significant shorter synthesis time.  
 
Figure 1-7: Selective oxidations by single-site heterogeneous catalysts formed by anchoring various M
n+
 
ions at the surface of mesoporous silica adapted from Ref [39]. 
These catalytic systems have shown that the hydrophobic/hydrophilic properties of the 
surface are just as important as the number of active sites [50]. Control of the hydrophobicity 
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of the molecular sieve allows optimization of the adsorption of reactants and products. 
Therefore enhancement of the hydrophobicity is important to improve the activity of M
n+
-
silicates and retard the M
n+
-leaching in liquid phase oxidation [32]. In the sol-gel M
n+
/silicas, 
M
n+
-O-Si bonds are more effectively formed and Si and M
n+ 
components are more dispersed 
than those in conventional M
n+
/silicas [51]. Hydrophobic mesoporous M
n+
/silicates can also 
be prepared by the sol-gel technique using hexadecyltrimethylammonium chloride as a 
templating surfactant under acidic conditions during long gelation times [35].  
The promotion of Pt,Pd or Au may lead to considerable rate enhancement and to a 
remarkable shift in the product distribution [52]. Adding another metal, particularly lead (Pb) 
or bismuth (Bi) by co-impregnation, impregnation of the supported noble metal catalyst with 
an aqueous promotor salt solution, or redox surface reaction to suppress the hydrogen 
adsorption on metal [53] significantly increased the catalyst activity and, in some cases the 
reaction selectivity, and was less prone to deactivation than monometallic catalysts [52, 54]. 
The bimetallic catalysts Pt-Bi/Al2O3 with Pt particles of 3-4 nm achieved 95.5% conversion 
of cinnamyl alcohol with 98.5% selectivity to cinnamaldehyde due to a blocking effect which 
decreased the size of Pt ensembles by Bi promotion [55]. Mallat et al. [56] concluded that 
bismuth atoms adsorb oxygen to form Pt-Bi-OH species on the surface, acting as new active 
sites for the oxidation of alcohol adsorbed on platinum. The roles of the Bi particles are 
effectively block by of Pt sites (geometric blocking) and overall suppression of sites that are 
responsible for over-oxidation [53]. According to Besson et al. [57], because of its higher 
affinity for oxygen, bismuth acts as a co-catalyst protecting palladium from over-oxidation. 
The most commonly used method is the deposition and reduction of promoter onto a 
supported Pt or Pd catalyst. The bimetallic catalysts can also be prepared by simultaneous 
deposition and reduction of the metal precursors onto a suitable support. During promoter 
deposition, metal adatoms (submonolayer deposition) and small particles (multilayer 
deposition) are formed on the surface of Pt or Pd particles [52]. In addition, particles 
containing only the promoter metal (M
0
 or M
n+
) may develop on the support, as illustrated in 
Figure 1-8 [52].  
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Figure 1-8: Schematic representation of the structure of a bimetallic catalyst prepared by 
deposition/reduction of the promoter metal (grey and black) onto a supported Pt-group metal (white) 
catalyst adapted from Ref [52]. 
 
1.5 Selective Oxidation of Alkenes  
1.5.1 Introduction 
The oxidative functionalization of olefins is a key transformation in organic synthesis and 
industrial production of fine chemicals [35, 40] producing highly useful epoxides [58] which 
are valued building blocks for the production of perfume, epoxy resins, plasticizers, and 
drugs [59]. The oxidation of olefins can interest the double bond and the allylic C-H to 
generate the corresponding epoxides and allyl alcohols, with aqueous hydrogen peroxide and 
metal-oxide catalysts [24]. Figure 1-9 shows the epoxidation of model compounds, such as 
cycloctene, cyclohexene, styrene and trans-stilbene, to yield corresponding epoxides.   
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Figure 1-9: Epoxidation of alkenes. 
 
1.5.2 Catalysts used  
Many catalytic systems based on different metals such as tungsten, manganese, rhenium and 
titanium have been reported for the epoxidation of a wide range of alkenes using hydrogen 
peroxide [35, 58]. In 1969, the oxido-bisperoxido W(VI) complexes of the general formula 
[WO(O2)2Ln] (Figure 1-10 (a)) known as Mimoun-type complexes, were first synthesized by 
Mimoun et al. [60] for the epoxidation of alkenes. This type of complexes as stoichiometric 
oxidants and as catalysts was extensively investigated in the 1970s and 1980s. In 1986, 
Mimoun et al. [60] reported that the synthesis of [Ph3PCH2Ph]2 shown in Figure 1-10 (b) was 
used as the catalyst for the epoxidation of alkenes in a water-organic mixture. Oxidation of 
cyclohexene and 1-methylcyclohexene by H2O2 in the presence of 1c (Figure 1-10 (a)) 
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showed quantitative formation of epoxide based on H2O2 consumed, and then followed acid-
catalyzed ethanolysis to generate 2-ethoxycyclohexan-1-ol and 2-ethoxy-2-methyl-
cyclohexan-1-ol, respectively, under acid medium [60]. In 1986, a strong Brønsted acid 
H2WO4 was used in the oxidation of olefins with H2O2 to the formation of diols, but it has 
been limited to substrates that are soluble in water or water-alcohol mixtures [61]. In 1998, an 
alternative approach the epoxidation under phase transfer conditions was established. The 
oxidation of cyclohexene using H2O2, Na2WO4 and [CH3(n-C8H17)3N]HSO4 as the phase-
transfer catalyst (PTC) isolated adipic acid in 93% yield [62, 63]. Titanium (IV) and 
vanadium (V) catalysts were characterized as Lewis acids in their highest oxidation state –d0. 
These Lewis acids were shown to have a low redox potential and be labile with respect to 
ligand substitution [20]. In 1998, Krijnen et al. [64] reported that impregnated titanium (IV) 
silsesquioxan )](})[{( 55
5
1277116 HCTiOSiHCc    was an active and robust homogeneous 
catalyst for alkene epoxidation with 95% conversion.  In 2000, Yoon et al. [65] studied 
catalytic activity of the chiral oxido-bisperoxido W(VI) complexes (Figure 1-10 (c)) in the 
catalytic epoxidation of styrene derivatives, and formed (1S, 2S)-trans-methylstyrene oxide 
with 41% yield and 63% ee using TBHP as an oxidant. However, the major drawbacks of 
homogeneous catalysts were the difficulty of recovery, large amount of waste generated and 
complicated handling. There has been great interest in developing heterogeneous catalysts 
with high activity and easy separation with less waste.  
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Figure 1-10: W(VI) oxido-bisperoxido complexes (a), W(VI) oxido-peroxido complexes developed by 
Mimoun et al. (b) and W(VI) oxido-bisperoxido complexes developed by Yoon et al. (c) adapted from Ref 
[60] 
Table 1-2 summarizes the most widely used solid catalysts for liquid phase epoxidation of 
olefins. In 2001, Mandelli et al. [66] investigated the effect of alkene/Al2O3 ratio on the 
activity of epoxidation of cyclohexene. These results indicated that using a 
cyclohexene/Al2O3 molar ratio of 5 delivered conversion of 35% with selectivity to epoxide 
of 97%. Hughes et al. [67] reported on nanocrystalline gold supported on graphite as the 
catalysts in the epoxidation of different cyclic alkenes, such as styrene and cis-stilbene using 
molecular oxygen. In the experiments using styrene as the substrates, the conversion over 
1%Au/C using toluene as the solvent was 12.3% while the selectivity of epoxides was 97%. 
The oxidation of cis-stilbene over 1% Au/G gave 47.6% conversion with 73.9% selectivity to 
trans-stibene oxide by using i-propylbenzene as the solvent [67]. There are numerous reports 
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about the application of porous catalysts modified with Ti, V, Mo, Cr, Sn and Nb by direct 
hydrothermal method, colloidal preparation method, impregnation or deposition-precipitation 
method. In the processes for oxidation of olefins with H2O2, these modified catalysts showed 
high conversion levels [40]. For the epoxidation of 1-octene, three different types of Ti-
containing porous materials were used as the catalyst to test their activity for this linear 
alkene. The activities for Ti, Al-beta (TOF = 41.8) and Ti-MCM-41 (TOF = 7.2) were much 
lower compared to TS-1 (TOF = 96.8), and this may be due to the acidic properties (Lewis 
acidic) in Ti-beta and Ti-MCM-41 with hydrophilic interior [68]. Chromium silicates, Cr-
ZSM-11 (CrS-2) with MEL topology (Si/Cr > 140) were used as efficient catalysts for 
epoxidation of various olefins to the corresponding epoxides using 70% tert-butyl 
hydroperoxide (TBHP) as an oxidant [69]. The epoxidation of cyclohexene achieved 70% 
yield to 1,2-epoxy-cyclohexane over CrS-2, while VS-2 only gave 57.6% yield . Cyclohexene 
using hydrogen peroxide in acetonitrile as the solvent at 318 K using NbMCM-41-32 resulted 
in 75.5% conversion with 57.6% selectivity to epoxide, which was much higher than 
VMCM-41-32 with 53.8% conversion but only 7.7% selectivity [70]. The activity of 
MoMCM-41-32 (10.4% conversion with 5.8% selectivity to epoxide) was the lowest 
compared to the two catalysts above.  This may be due to the presence of defect holes 
generated by niobium during the synthesis of MCM-41 materials. Niobium contributes to 
access of reagents to the active sites and to make the diffusion easier. Laha and Kumar [71] 
reported that the selectivity for styrene oxide was much higher in the use of anhydrous urea-
hydrogen peroxide (UHP, 87%) as an oxidant over TS-1 than when only aqueous hydrogen 
peroxide (HP, 5-10%) was used for styrene epoxidation, mainly due to its isomerization into 
phenylacetaldehyde. Iron-containing mesoporous materials synthesized by both direct 
hydrothermal (DHT) and template-ion exchange (TIE) methods were used for epoxidation of 
styrene with diluted H2O2 [72].  The conversion of styrene over 0.9 wt% Fe-MCM-41 (DHT) 
was 13.8% while the selectivity for epoxide was 41.8%. In comparison, 0.9 wt% Fe-MCM-41 
(TIE) only achieved 3.5% conversion and 45.7% selectivity for epoxide. This may be due to 
the presence of atomically isolated iron sites as the active site for this reaction, which do not 
leach out during the reaction. Kapoor and Raj [73] prepared stable titanium-containing 
hexagonal mesoporous aluminophosphate (TAP) by hydrothermal crystallization using the 
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fluoride route and used as catalysts for epoxidation of several olefins shown in Table 1-2. 
This type of catalyst performed excellent conversion (> 94%) of cyclooctene, 1-octene and 
styrene to the corresponding epoxides with high yield (> 92%). The conversion of limonene 
was 63% while the yield of limonene oxide was 56%.  
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Table 1-2: Typical heterogeneous catalysts used in liquid phase epoxidation reactions 
Material Reactant  Product  Conversion/Se
lectivity (%)  
TOF(h
-1
) 
/TON  
Yield 
(%)  
Refer
ence 
Al2O3 Cyclohexene  Cyclohexene 
oxide 
35/97 N.A. N.A. [66] 
1% Au/C Styrene Styrene oxide 12.3/97 N.A. N.A. [67] 
1% Au/G Cis-stilbene  Trans-stilbene 
oxide 
47.6/73.9 N.A. N.A. [67] 
TS-1 1-Octene 1,2-Epoxyoctane 41.7/93 96.8 N.A. [68] 
Ti, Al-beta 1-Octene 1,2-Epoxyoctane 15.9/12 41.8 N.A. [68] 
Ti-MCM-41 1-Octene 1,2-Epoxyoctane 2.9/79 7.2 N.A. [68] 
CrS-2 Cyclohexene 1,2-Epoxy-
cyclohexane 
N.A. N.A. 70 [69] 
VS-2 Cyclohexene 1,2-Epoxy-
cyclohexane 
N.A. N.A. 57.6 [69] 
NbMCM-41-32 Cyclohexene  Cyclohexene 
oxide 
75.5/57.6 N.A. N.A. [70] 
VMCM-41-32 Cyclohexene  Cyclohexene 
oxide 
53.8/7.7 N.A. N.A. [70] 
MoMCM41-32 Cyclohexene  Cyclohexene 
oxide 
10.4/5.8 N.A. N.A. [70] 
TS-1 Styrene Styrene oxide 71/87 (UHP) 1.4 N.A. [71] 
TS-1 Styrene Styrene oxide 56/5 (HP) 1.1 N.A. [71] 
0.9 wt% Fe-
MCM-41 
(DHT) 
Styrene  Styrene oxide 13.8/41.8 8.9 N.A. [72] 
0.9 wt% Fe-
MCM-41 
(DHT) 
Styrene  Styrene oxide 3.5/45.7 2.5 N.A. [72] 
TAP Cyclooctene Cyclooctene oxide  94/ N.A. N.A. 92 [73] 
TAP 1-Octene  1,2-Epoxy octane 99/ N.A. N.A. 96 [73] 
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1.5.3 Reaction mechanism 
The proposed mechanism shown in Scheme 1-5 includes 1) the conversion of the peroxide to 
form an active peroxo-metal(M) intermediate (M-OOH specie) [66] and 2) the coordination 
of the substrate to M
n+
 leading to an activation of the peroxide for oxygen transfer to produce 
the resulting peroxide[20]. The catalytic activity is decreased with higher concentration of 
basic substrates and is improved by the presence of acids [55, 74]. The deactivation of the 
active species is attributed to the presence of water in the reaction mixture and to the 
adsorption of organic molecules on the metal surface.   
The epoxide has higher polarity than the olefinic substrate. Consequently, the epoxide 
competes more favourably for adsorption on the hydroxylated surfaces of the M
n+
-silicates 
[50]. In this respect, the presence of silanol groups (Si-O-H) as well as the presence of  M
n+
-
OH groups allows adsorption of the epoxide, ring opening of the epoxide and the formation 
of diols [50]. The diols tend to strongly adsorb on the M
n+
 sites, which leads to partial 
deactivation of the catalyst [50]. Therefore, an enhancement of the hydrophobicity is 
considered important to improve the activity of M
n+
-silicates and retard the M
n+
-leaching in 
liquid phase oxidation [32].  
 
Scheme 1-5: Proposal mechanism of oxidation of alkene over solid catalysts adapted from Ref [55, 66]. 
 
1.5.4 Challenges  
Among various reasons responsible for its lower activity, lower hydrophobicity, large particle 
size and metal leaching from transition metal-containing or noble metal supported catalysts 
have been proposed as the main reasons [75, 76]. A high temperature synthesis of catalysts 
usually results in large particle size for these materials [75]. The internal silanol present in 
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mesoporous materials give rise to the hydrophilic nature, thus retarding a liquid phase 
reaction in the presence of water as a diluent or as a  product of consumption of H2O2 [75]. 
Moreover, the use of such heterogenized catalysts in the liquid phase ends in leaching the 
active species from the framework sites of these catalysts into solution [30]. Development of 
a truly heterogeneous, stable, and recyclable catalyst which affords high epoxidation rates 
and selectivity comparable to those of homogeneous counterparts is very demanding and 
successful examples are still rather limited [77].  
 
1.6 Selective Oxidation of Alcohols  
1.6.1 Introduction 
Alcohols are the main compounds in bio-oils [3]. However, they are not stable under active 
bio-oil environment and need to be upgraded before further conversion. The selective 
oxidation alcohol is one of the most significant synthetic transformations in research 
laboratories and industry and plays an important role in bio-oil upgrading [16, 78]. The 
oxidation of primary alcohols to aldehydes shown in Scheme 1-6 is valuable both for 
intermediates and high-value components for the perfume industry [79]. The oxidation of 
secondary alcohols to carboxylic acids and ketones without over-oxidation is also important. 
These transformations have been performed with costly stoichiometric amounts of inorganic 
oxidants or organic oxidants [79] such as chromate and permanganate [78, 80]. These 
oxidants are expensive and tend to produce copious amounts of wastes. In many instances, 
homogeneous catalysis provides powerful solutions but in industrial applications, problems 
related to corrosion, plating out of metals on the reactor wall, and handling, recovery and 
reuse of the catalyst have limited uses of homogeneous processes [52]. From the point of 
view of green chemistry, it is necessary to search for new environmentally friendly, low-cost 
and clean redox systems for this type of transformation including highly active and selective 
“green” catalysts and/or “green” methodologies applicable to a wide range of alcohols [81]. 
The upgrading process using molecular oxygen as the primary oxidant and recyclable 
catalysts in nontoxic solvents is the ideal system for “green” chemical process [82].  
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Scheme 1-6: Oxidation of primary and secondary alcohol to the corresponding aldehyde and ketone. 
 
1.6.2 Conventional catalysts  
The oxidation of various alcohols to produce corresponding aldehydes and ketones using 
heterogeneous catalysts is an attractive process while eliminating waste and avoiding use of 
toxic substances shown in Scheme 1-7 [66].  
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Scheme 1-7: Oxidation of alcohols to the corresponding aldehydes and ketones. 
 
Oxidation of alcohols over supported metal catalysts has been thoroughly investigated in the 
past years [52]. The commonly used catalysts are summarized in Table 1-3. Copper 
nanoparticles dispersed on rod-shaped La2O2CO3 (Cu/La2O2CO3) prepared by the deposition-
precipitation method efficiently catalysed oxidative dehydrogenation of primary aliphatic 
alcohols with an aldehyde yield up to 97% at 423K [83]. The conversion of 1-butanol, 1-
hexanol and 1-octanol was 85%, 93% and 98%, respectively. This was achieved by creating a 
catalytically active nano-environment for effective reaction coupling between alcohol 
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dehydrogenation and styrene hydrogenation via hydrogen transfer. Yamaguchi et al. [84] 
reported that the monomeric Ru
3+
 species on the surface of calcium hydroxyapatite (Ru-HAP) 
worked as an effective catalyst for the oxidation of various alcohols using molecular oxygen. 
The oxidation of benzyl alcohol was achieved at 100% conversion with 98% yield of 
benzaldehyde. The conversion of 1-octanol was 95% with 94% yield to octanal. This catalyst 
was also tested in 2-pyridinemethanol and 2-thiophenemethanol to corresponding aldehydes 
with 100% conversion and > 94% yields. Yamaguchi et al. [85] reported that Ru/Al2O3 had 
high catalytic activities for the oxidation of alcohols, where the reaction selectivity was over 
97% in all primary and secondary benzylic alcohols into the corresponding benzaldehydes 
and ketones, respectively. Moreover, for the oxidation of 2-octanol, the conversion was 91% 
with > 99% selectivity to 2-octanone. The oxidations of alicyclic alcohols, such as 
cyclopentanol and cyclooctanol to their cyclic ketones were achieved at 92% and 81% 
conversion with > 99 % selectivity, respectively.  
Among various noble metals, Pd is the most popular metal for the catalytic oxidation of 
alcohols as it exhibits the highest catalytic activity among all the metals [15]. Palladium-
catalyzed aerobic oxidations have been studied extensively [16, 54] since the first successful 
example of palladium-catalyzed (Pd) aerobic oxidation of alcohols in 1977 by Blackburn and 
Schwartz [86]. In 1999, Kaneda et al. [87] synthesized the immobilized Pd cluster, 
Pd561phen60(OAc)180 on the surface of TiO2 (Pd561phen60(OAc)180/TiO2) with mean particle 
size of 2-3 nm and used in the oxidation of primary allylic alcohols with conversions higher 
than 90%. The active sites are Pd-Pd paired sites with oxidation state smaller than +2. Mori et 
al. [86] synthesized a new type of palladium-grafted hydroxyapatite (Pd/HAP-0)  by the 
precipitation method as an effective catalyst for alcohol oxidation. This catalyst gave a high 
turnover number (TON) of up to 236, 000 and a turnover frequency (TOF) of 9800 h
-1
 of 1-
phenylethanol to acetophenone under solvent-free condition. This high performance is 
understood that the activity was dependent on particle size and the nanoclustered Pd
0
 species 
acted as the active sites for the alcohol oxidation under an atmospheric O2 pressure. 
Furthermore, the catalyst was recyclable. The role of the support for Pd catalysts was 
investigated by Mori et al. [86] and Chen et al. [88]. Mori et al. [86] found that alcohol 
conversion and the aldehyde selectivity depended on supports; Pd on HAP-0 support 
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achieved the highest conversion (99%) of benzyl alcohol and selectivity to benzaldehyde 
(99%). The other supports (Al2O3, SiO2 and C) produced the aldehyde with less than 50% 
selectivity. The Pd/SiO2 has the highest selectivity (47%) while the conversion was only 71%. 
The conversion over Pd/Al2O3 was 96% though the selectivity was the lowest (38%) and the 
Pd/C produced the lowest conversion (46%) and low selectivity (42%). Ji and co-workers [89] 
synthesized a mixture of palladium-guanidine complex and guanidine grafted on SBA-16 
(Pd-G/SBA-16-G). The catalysts was tested on the oxidation of benzyl alcohol and cinnamyl 
alcohol using toluene as a solvent and K2CO3 as a base giving 99% and 94% conversion, and 
99% selectivity to aldehydes with no significant decrease in the activity and selectivity after 
15 times use. This high catalytic performance may have been due to the formation of Pd 
nanoparticles stabilized by the nanocages of SBA-16 and then prevention of aggregation of 
Pd nanoparticles.  
With Pt-based catalysts similar to Pd, alcohol oxidation reactions take place on metallic Pt(0) 
surface [15]. In many Pt catalysed oxidation reactions, base (NaOH) must be added to ensure 
the reaction go smoothly [15]. Ng et al. [90] synthesized platinum nanoparticles embedded in 
a hollow porous carbon shell (nPt@hC) and the activity of the catalyst was tested in the 
oxidation of 1-phenylehtnaol with oxygen using water as a solvent. Then, 81% conversion 
and TON of 405 were obtained. This type of catalyst also was tested on the oxidation of 
benzyl alcohol (90% conversion and 51% selectivity) and cinnamyl alcohol (99% conversion 
and 75% selectivity). High performance may be due to the well-developed micropore and 
mesopore systems providing three-dimensional hydrophobic channels for efficient mass 
transfer and preferential adsorption of the reactant.  
Baiker et al. [91] reported that 5 wt% Pt/Al2O3 achieved only 10% conversion of cinnamyl 
alcohol with 88.5% selectivity to cinnamaldehyde. The bimetallic catalysts prepared by 
selective Bi deposition onto supported Pt particles of 3-4 nm (5 wt% Pt-Bi/Al2O3) achieved 
95.5% conversion of cinnamyl alcohol to cinnamaldehyde and up to 98.5% selectivity. The 
addition of Bi prevented hydration of cinnamaldehyde and the hindered of further oxidation 
of cinnamaldehyde.  
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Au is more inert for oxidation of alcohols compared to Pd and Pt and base has to be added to 
facilitate abstraction of H from the hydroxyl group of alcohol. A detailed mechanism of 
alcohol oxidation on Au nanoparticles had not been reported yet [52]. Santra et al. [92] 
investigated the influence of alkaline doping on morphology, redox and acid-base properties 
of the mesoporous ceria and on the activity of the oxidation reaction. 2.3 wt% Au/CeO2 
catalysts incorporated with Ba
2+
, Ca
2+
 or Mg
2+
 into the ceria lattice through a sol-gel method 
were tested on the oxidation of benzyl alcohol. The catalytic activity was in the order of 
Au/Ba-CeO2 > Au/Ca-CeO2 > Au/Mg-CeO2 > Au/CeO2. The highest conversion (36.8%) of 
benzyl alcohol was achieved on 2.3 wt% Au/Ba-CeO2 with > 99% selectivity to 
benzaldehyde. TOF was 3220 h
-1
 due to the smallest gold nanoparticles, and more labile 
oxygen species suggested by XPS and TPR results. All other catalysts achieved around 8-25% 
conversion with > 99% selectivity.  
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Table 1-3: Common solid catalysts used in liquid phase oxidation of alcohols 
Material Reactant  Product  Conversion/Se
lectivity (%)  
TOF(h
-1
) 
/TON  
Yield 
(%)  
Reference 
Cu/La2O2CO3 1-Butanol 1-Butanal 85 >99 84 [83] 
Cu/La2O2CO3 1-Hexanol  1-Hexanal 93 100 93 [83] 
Cu/La2O2CO3 1-Octanol 1-Octanal 98/99 N.A. 97 [83] 
Ru-HAP Benzyl alcohol  Benzaldehyde  100/N.A. N.A. 98 [84] 
Ru/Al2O3 1-
Phenylethanol  
Acetophenone >99/>99 340/980 N.A. [85] 
Ru/Al2O3 2-Octanol 2-Octanone 91/>99 N.A. N.A. [85] 
Pd/HAP-0 Benzyl alcohol  Benzaldehyde  99/99 N.A. N.A. [86] 
Pd/ Al2O3 Benzyl alcohol  Benzaldehyde  96/38 N.A. N.A. [86] 
Pd/ SiO2 Benzyl alcohol  Benzaldehyde  71/47 N.A. N.A. [86] 
Pd/C Benzyl alcohol  Benzaldehyde  46/42 N.A. N.A. [86] 
Pd561phen60(O
Ac)180/TiO2 
Cinnamyl 
alcohol 
Cinnamaldehyde 100/99 N.A. 99 [87] 
Pd-G/SBA-16-
G 
Benzyl alcohol  Benzaldehyde 99/99 N.A. N.A. [89] 
nPt@hC 1-
Phenylethanol  
Acetophenone 81/N.A. N.A./405 N.A. [90] 
nPt@hC Cinnamyl 
alcohol 
Cinnamaldehyde 99/75 N.A./990 N.A. [90] 
nPt@hC Benzyl alcohol  Benzaldehyde 90/51 N.A./900 N.A. [90] 
5wt% 
Pt/Al2O3 
Cinnamyl 
alcohol 
Cinnamaldehyde 10/88.5 N.A. N.A. [91] 
5wt%  
Pt-Bi/Al2O3 
Cinnamyl 
alcohol 
Cinnamaldehyde 95.5/98.5 N.A. N.A. [91] 
2.33wt% 
Au/Ba-CeO2 
Benzyl alcohol  Benzaldehyde  36.80/>99 3221.70 N.A. [92] 
2.33wt% 
Au/Ca-CeO2 
Benzyl alcohol  Benzaldehyde  25.00/>99 205.13 N.A. [92] 
2.33wt% 
Au/Mg-CeO2 
Benzyl alcohol  Benzaldehyde  13.07/>99 343.25 N.A. [92] 
2.33wt% 
Au/CeO2 
Benzyl alcohol  Benzaldehyde  7.99/>99 1049.58 N.A. [92] 
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1.6.3 Reaction mechanism 
Hydroxy groups of primary and secondary alcohols are oxidized to carbonyl and carboxylic 
groups by the oxidative dehydrogenation mechanism, whereby oxygen reacted with 
dissociated hydrogen adsorbed on metal surfaces [26]. Dehydrogenation pathway occurring 
entirely on the metal surface has been proposed [93]. Scheme 1-8 shows the three major steps 
in the oxidation of alcohol to aldehyde over a heterogeneous catalyst. In the first step, which 
is not the rate-determining step, the reaction involves the insertion of a metal atom in-
between the O-H bond of an alcohol [15], producing an adsorbed metal alkoxide [18] and a 
metal hydride on a neighbouring metal atom [15]. Second, hydrogen is removed by surface 
metal atom via the β-hydride elimination process yielding the desired carbonyl species, 
aldehyde as the product [15, 18]. The dissociation of a C-H bond in the adsorbed RCH2O 
group is the rate-determining step (rds) [15]. Last, the metal active site is regenerated via the 
reoxidation of adsorbed hydrogen by molecular oxygen [15, 18].  
 
Scheme 1-8: Oxidation of alcohol to the corresponding aldehyde over a noble metal adapted from Ref [15, 
53] 
 53 
 
 
 
1.6.4 Challenges  
The main challenges for these reactions include to improve activity and/or selectivity [52] 
and to overcome deactivation for reactions under acidic conditions, because carboxylic acids 
formed remain strongly adsorbed on the metals surface [93]. The catalyst deactivation is 
thought to be caused by either the irreversible deactivation due to the modification of the 
catalyst structure (metal sintering or leaching) [93] or the reversible deactivation due to the 
strong adsorption of reaction by-products on the metal surface [54]. Sintering (an increase of 
average metal particle size) at close to ambient temperature is attributed to an atomic 
migration process, the transport of surface metal atoms “extracted” by chelating molecules, 
resulting in a loss of active surface area [52]. Metal dissolution (leaching) occurs as M
n+
 
species is facilitated under acidic or strongly alkaline pH, high oxygen coverage and the 
presence of complexing agents [52]. Mesoporous materials have attracted attention due to 
their high surface areas, uniform pore sizes and distinct adsorption capacity [94]. Noble metal 
nanoparticles have been extensively studied because of their unique chemical and physical 
properties compared to bulk metals [94]. For the supported metal nanoparticles, catalytic 
activity at metal surfaces relates to both the electronic structure of the metal surface and the 
interaction between metal nanoparticles and the support [94].  
Therefore, in this thesis liquid phase oxidation was studied using mesoporous catalysts, 
titanium-containing mesoporous catalysts (Ti-MCM-41), and supported Pt catalysts on 
mesoporous materials (Pt/Al-MCM-41), especially from the viewpoints of clean and green 
processes. Chapter 3 focused on the relationship between the acidity and the formation of 
surface active sites using a one-pot room-temperature direct synthesis for a series of Ti-
MCM-41for oxidation of cyclohexene. Chapter 4 investigated the relationships between Ti 
precursors and the local coordination structure of Ti-MCM-41 by DRUV-visible and EPR 
spectroscopies. Chapter 5 evaluated a series of size-confined Pt nanoparticles into Al-MCM-
41 with different density of surface BAS but similar acid strength in oxidation of benzyl 
alcohol. Chapter 6 studied the influence of alkali-treated Pt/Al-MCM-41 on the mesoporous 
structure and the basic properties affecting the catalytic activity in the oxidation of benzyl 
alcohol.  
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2. Materials and Methodology 
2.1 Materials and Reagents 
2.1.1 Preparation of one-pot room-temperature direct synthesis of Ti-MCM-41 
catalysts 
Commercial cetyltrimethylammonium chloride, CTACl (25 wt.% in H2O), ammonium 
hydroxide solution (28% of NH3 in H2O), sodium hydroxide (NaOH), titanium (IV) 
oxysulfate (TiOSO4.xH2O, TS), titanium (IV) isopropoxide (C12H28O4Ti, TIP), titanocene 
dichloride (Cp2TiCl2, CT) and tetraethyl orthosilicate, TEOS (100%) were purchased from 
Sigma Aldrich. 
One-pot room-temperature direct synthesis of H/Ti-MCM-41 with different Si/Ti molar ratios 
[95]: 23 mL of CTACl (25 wt% in H2O) was added into 263 mL of deionized water. 23 mL 
of ammonium hydroxide solution (28% of NH3 in H2O) was added into the above solution 
under stirring. 0.36-1.79 g of TiOSO4.xH2O dissolved in 130 mL of 0.005M H2SO4 as a 
titanium source, and 23 mL of TEOS were slowly added into the above solution to yield a 
white gel with the molar ratio of H2O:CTACl:NH4OH:TiOSO4.xH2O:TEOS = 
216:0.17:1.61:0.11:1. The gel was stirred for 1 h at room temperature. Ti-MCM-41 was 
synthesised in this period. The gel was washed with 2 L of deionized water, dried at 353 K 
overnight, and finally calcined at 823 K for 4 h in air with a heating rate of 1 ºC/min. Ti-
MCM-41 catalysts with different Si/Ti molar ratios are denoted as H/Ti-MCM-41-x, where x 
corresponds to Si/Ti molar ratio of 10, 20, 30, 40 and 50. Pure MCM-41 sample (Si-MCM-41) 
was also prepared by the same synthesis method without titanium precursor.  
 
One-pot room-temperature direct synthesis of Na/Ti-MCM-41 with Si/Ti = 10: 23 mL of 
CTACl (25 wt% in H2O), was added into 263 mL of deionized water. 1.4 g of sodium 
hydroxide (NaOH) was added into the above solution under stirring. 1.79 g of TiOSO4.xH2O 
dissolved in 130 mL of 0.005M H2SO4, and 23 mL of TEOS, were slowly added into the 
above solution to yield a white gel with the molar ratio of 
H2O:CTACl:NaOH:TS:TEOS=212:0.17:0.34:0.11:1. The gel was stirred for 1 h at room 
temperature. Ti-MCM-41 was synthesised in this period. The gel was washed with 2 L of 
deionized water, dried at 353 K overnight, and finally calcined at 823 K for 4 h in air with a 
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heating rate of 1 ºC/min. Ti-MCM-41 catalysts with Si/Ti = 10 using NaOH is denoted as 
Na/Ti-MCM-41-10. 
 
One-pot room-temperature direct synthesis of H/Ti-MCM-41 with Si/Ti = 10 and different 
titanium sources: 23 mL of CTACl (25 wt% in H2O) was added into 263 mL of deionized 
water. 23 mL of ammonium hydroxide solution (28% of NH3 in H2O) was added into the 
above solution under stirring. 1.79 g of TiOSO4.xH2O, TS dissolved in 130 mL of 0.005M 
H2SO4, 3.32 mL of C12H28O4Ti, TIP, 2.79 g Cp2TiCl2, CT as a titanium source, and 23 mL of 
TEOS were slowly added into the above solution to yield a white gel with the molar ratio of 
H2O:CTACl:NH4OH:TS or TIP or CT:TEOS=216:0.17:1.61:0.11:1. The gel was stirred for 1 
h at room temperature. Ti-MCM-41 was synthesised in this period. The gel was washed with 
2 L of deionized water, dried at 353 K overnight, and finally calcined at 823 K for 4 h in air 
with a heating rate of 1 ºC/min. One-pot room-temperature direct synthesis of H/Ti-MCM-
41-10 catalysts with different titanium sources are denoted as Ti-MCM-41 (titanium source)-
D.  
 
 
 
 
Scheme 2-1: One-pot room-temperature direct synthesis of Ti-MCM-41 
 
2.1.2 Preparation of room temperature post synthesis of Ti-MCM-41 catalysts 
Room temperature post synthesis of H/Ti-MCM-41 with Si/Ti = 10 and different titanium 
sources was obtained in two steps. 1g of mesoporous silica material was prepared by the 
above room temperature direct synthesis method without titanium precursor. In the second 
step, titanium precursor was introduced. The mesoporous silica material was dispersed in 
ethanol (80 mL) by stirring. The proper amount of titanium precursors (0.28 g of 
TiOSO4.xH2O dissolved in 0.005M H2SO4, 0.5 mL of TIP or 0.44 g of Cp2TiCl2) was slowly 
added to the above suspension and was stirred overnight. The mixture was dried at 353 K 
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overnight and then calcined at 573 K for 4 h in air with a heating rate of 1 ºC/min. Room 
temperature post synthesis of H/Ti-MCM-41-10 catalysts with different titanium sources are 
denoted as Ti-MCM-41(titanium source)-P. 
 
 
Scheme 2-2: Room temperature post synthesis of Ti-MCM-41 
 
2.1.3 Preparation of Pt/Al-MCM-41 catalysts 
All chemicals used for Pt/Al-MCM-41 synthesis, such as ammonium hydroxide solution (28% 
NH3 in H2O), tetraethylorthosilicate (TEOS, >98%), hexadecyltrimethylammonium chloride 
solution (CTACl, purum, ~25% in H2O), aluminium sulfate octadecahydrate (>98%) and 
platinum (II) acetylacetonate (Pt(acac)2), were supplied by Sigma-Aldrich.  
Pt/Al-MCM-41 was prepared by two steps. The first step: 23 mL of CTACl (25 wt.% in H2O) 
was mixed with  23 mL of ammonium hydroxide solution (28% of NH3 in H2O) in 263 mL of 
deionized water under stirring [96]. The proper amount of aluminium sulfate was added into 
the above solution. 23 mL of TEOS was slowly added to yield a white gel. The gel was 
stirred for 1 h at room temperature. The Al-MCM-41 was synthesised in this period. The gel 
was washed with 2 L of deionized water, dried at 353 K overnight, and finally calcined at 823 
K for 4 h in air. The Al-MCM-41 catalysts with different Si/Al molar ratios are denoted as 
Al-MCM-41-x, where x corresponds to Si/Al molar ratio of 10, 20, 30 and 50. The next step 
is platinum loading onto the above support via the impregnation method. 20 mg of Pt(acac)2 
was firstly dissolved in toluene (7 mL) and then this solution was mixed with the previously 
prepared support (500 mg). The mixture was stirred at room temperature for 24 h, then dried 
at room temperature, and finally dried in an oven at 120 °C overnight. The solid was finally 
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calcinated at 350 °C in dry air for 2 h with a heating rate of 1 ºC/min. The loading of Pt is 2 
wt%.  
 
Scheme 2-3: Preparation of Pt/Al-MCM-41 
 
2.1.4 Preparation of alkali-treated Pt/Al-MCM-41 catalysts 
Alkali-treated of Pt/Al-MCM-41 catalysts were prepared by treating 200 mg of the Pt/Al-
MCM-41 catalysts with 2-6 mL of 0.1 M NaNO3, NaOH, Na2CO3, KNO3 or CsNO3 solution 
at 80 ºC for 3 h with constant stirring. The solid was washed with 500 mL of deionized water 
and dried at room temperature overnight. This procedure was repeated twice.  The catalysts 
were calcined at 350 ºC for 2 h in air with a heating rate of 1 ºC/min. 
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Scheme 2-4: Preparation of alkali-treated Pt/Al-MCM-41 
 
 
2.2 Catalysts Characterization Techniques 
2.2.1 X-ray diffraction (XRD) 
Powder X-ray diffraction (XRD) uses X-rays  to determine the identity, degree of purity, and 
crystallinity of catalysts because each crystalline phase presents a characteristic X-ray 
diffraction pattern [24]. The samples for analysis are typically in the form of finely divided 
powders. A relationship among the wavelength of an incoming light, the angle of the X-rays 
and the internal distance in the crystal can be expressed in Bragg’s law [97].   
θdnλ sin2       Equation 2-1 
 
Where n is an integer, λ is the wavelength of X-ray, d is the distance between planes in the 
atomic lattice of the sample, and θ is the diffraction angle in degrees.  
The crystallite size of catalyst particle can be determined by applying Scherrer’s formula [98]:  
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θβ
λ.
D
cos
90
  
     Equation 2-2 
 
Where D is the particle size, λ is X-ray wavelength, θ is Contour peak angle, and ß is the 
width of the obtained peak at half maximum. 
Powder X-ray diffraction patterns for the catalysts prepared in this research were collected by 
Siemens X-Ray Diffractometer (XRD-D5000) and Shimadzu X-Ray Diffractometer (XRD-
S6000) with CuKα radiation operated at 40 kV and 30 mA at scan range from 1 to 70 degree 
with continuous scanning mode at a rate of 2° min
-1
. 
 
2.2.2 N2 adsorption/desorption isotherms (BET) 
Nitrogen adsorption isotherms allow surface area, pore size distribution, micropore volume, 
and the presence of mesopores to be estimated. In BET surface area analysis, nitrogen is 
usually used because of its availability in high purity. Because the interaction between 
gaseous and solid phases is usually weak, the surface is cooled using liquid N2 to obtain 
detectable amounts of adsorption. Known amounts of nitrogen gas are then released stepwise 
into the sample cell. Relative pressure less than atmospheric pressure is achieved by creating 
conditions of partial vacuum. After the saturation pressure, no more adsorption occurs 
regardless of any further increase in pressure. The data collected is displayed in the form of a 
BET isotherm, which plots the amount of gas adsorbed as a function of the relative pressure. 
Five types of adsorption isotherms are possible. 
The BET equation uses the information from the isotherm to determine the surface area of the 
sample, where W is the weight of nitrogen adsorbed at a given relative pressure (P/P0), Wm is 
monolayer capacity, which is the volume of gas adsorbed at standard temperature and 
pressure (STP), and C is constant [38, 99].  
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     Equation 2-3 
 
The slope (s) and y-intercept (i) can be obtained using least square regression. 
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Equation 2-5 
 
The total surface area S can be calculated by the following equation, where NA is Avogadro’s 
number, AX is the cross-sectional area of the adsorbate and is equal to 0.162 nm
2
 for an 
absorbed nitrogen molecule, and Madsorptive is the molar volume and is equal to 22414 ml.  
adsorptive
M
x
A
A
N
m
W
S                                                                                                       
Equation 2-6 
 
 
From N2 adsorption isotherm at 77 K using Autosorb IQ-C system, the surface areas of the 
catalysts were obtained. An amount of 50 mg of the samples was degassed at 423 K for 12 
hours under vacuum before the measurement. The pore volume and pore size distribution of 
solid catalysts were calculated from desorption of the isotherms using the Barrett-Joyner-
Halenda (BJH) method.  
 
2.2.3 Scanning electron microscopy & Transmission electron microscopy (SEM & 
TEM) 
The scanning electron microscopy (SEM) reveals levels of detail and complexity of 
microspace and nanospace that produces images by using a focused beam of electrons [100]. 
The transmission electron microscope (TEM) is an analytical tool to produce images from a 
sample in the realms of microspace to nanospace by using a focused beam of high energy 
electrons [101]. TEM enables to investigate the crystal structures, chemical compositions of 
phases, precipitates and contaminants through diffraction pattern. Electron-energy analysis 
(EDX) makes use of X-ray spectrum emitted by a solid sample bombarded with a focused 
beam of electrons to obtain a localized chemical analysis.  
The morphology and size of solid catalysts of the samples were observed with SEM which 
recorded on Hitachi S4500 FEG-SEM or Zeiss ULTRA Plus SEM. SEM sample preparation 
is done by using forceps apply a conductive carbon tab to an aluminium pin stub, apply a thin 
layer of sample onto the carbon tab, then gently blow away excess sample using an air duster. 
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TEM and high-angle annular dark-field scanning TEM (HAADF-STEM) images were 
obtained by using JEOL 2100 and JEOL 2200FS. EDX spectroscopy was also collected on 
the JEOL 2200FS. Sample for TEM analysis is first dispersed into ethanol and sonicated for 
few minutes. A drop of the suspended material is then pipetted onto a strong carbon grid film 
on 200 mesh Cu (GSCu200C). The particles settle to the grid surface and ethanol must be 
allowed to evaporate fully before viewing in the TEM.  
2.2.4 Temperature programmed desorption of ammonia or carbon dioxide (NH3-TPD 
or CO2-TPD) 
It is a well-established fact that NH3 acts as an excellent probe molecule to examine the 
acidic properties of heterogeneous solid acids [102]. The strong basicity and small molecular 
size of NH3 facilitates the easy detection of acidic sites present in the narrow pores of the 
solids [102]. CO2 is widely used as a probe molecule to examine the basic properties of 
heterogeneous solid catalysts [103]. The high temperature region peaks could be assigned to 
desorption of the probe molecule from strong acidic sites/basic sites, whereas the low-
temperature region peaks are attributed to release of the probe molecule from weak acidic 
sites/basic sites.  The catalyst exhibits a small peak at ca. 380 K that can be assigned to NH3 
bonded with surface hydroxyl groups, which could be considered as Brønsted acid sites [102]. 
Surface hydroxyl groups could be generated due to dissociative adsorption of water on the 
highly polar M1-O-M2 bonds (where M1 and M2 represent different cations) [102].  
Sample acidity/basicity was measured by NH3 or CO2 temperature-programmed desorption 
(NH3-TPD or CO2-TPD) performed on TP-5080 TPD instrument or Chem BET TPR/TPD 
Chemisorption Analyzer, CBT-1, QuantaChrome instruments. A 0.03 g of the samples were 
pre-treated at 500 °C for 1 h in dry helium (20 mL/min) to purge the gas or moisture 
adsorbed on the samples. Then the temperature was cooled to the adsorption temperature of 
100 °C, followed by the adsorption of gas mixture of NH3/He or CO2/He (8.16% mol/mol) 
for 30 min. The samples were evacuated of ammonia molecules weakly adsorbed at 100 °C 
for 1 h, the TPD plot from 100 °C to 900 °C was obtained at a heating rate of 10 °C /min. The 
thermal conductivity detector signal and temperature corresponding to NH3 or CO2 
desorption were recorded simultaneously. The amount and temperature of the desorbed NH3 
or CO2 corresponded qualitatively to the number and strength of the acidic sites/basic sites.  
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2.2.5 Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS)   
IR analysis of chemisorbed probe molecules used for the quantitative analysis of surface 
acidity of catalysts [104] is usually an informative approach to determine the nature of 
surface Lewis and Brønsted acid sites present on oxide surfaces [105]. FTIR analysis of 
adsorbed NH3 is one of the excellent techniques to distinguish Brønsted and Lewis acid sites 
present on solid acids [102]. A scale of acidity and an evaluation of the relative acid strength 
at different temperatures (373-773 K) are obtained for both Brønsted- and Lewis-acid sites 
[104].  
To evaluate and analyse the strength and type of acid site, diffuse reflectance infrared fourier 
transform spectroscopy (DRIFTS) analysis of adsorbed NH3 on the samples were performed.  
The DRIFTS studies were performed on FT-IR, Nicolet 6700 equipped with an in situ 
Harrick DRIFT cell containing KBr window and MCT detector cooled by liquid N2. The 
sample spectra collected were in absorbance units, since many of OMNIC’s data 
manipulation commands work best on spectra in absorbance units. Simply fill sample cup in 
a thermostat cell with KBr windows connected to a vacuum line with samples by the 
provided packing tool. The samples evacuated for 1 h at 673 K. The background spectrum 
was recorded with MCT/A detector at 673, 573, 523, 473, 423, 373 and 323 K. Afterwards, 
the sample was exposed to NH3/He mixture at 323 K for 30 min, and then purged with N2 for 
20 min to remove the physical adsorption of NH3. The IR spectrum for each sample was 
obtained after NH3 desorption at 323, 373, 423, 473, 523, 573 and 673 K. Scan range, 
resolution and scan were 4000 – 650 cm-1, 4 cm-1 and 64, respectively. The difference 
spectrum was obtained finally by subtracting the background spectrum recorded previously.    
 
2.2.6 X-ray photoelectron spectroscopy (XPS)  
X-ray photoelectron spectroscopy (XPS) is a useful tool for surface analysis. The technique is 
the study of the energy distribution of electrons ejected from solids via irradiation by X-rays 
and the photoelectric effect [106]. The X-ray photon interacts with an electron in the K shell, 
causing the emission of a 1s photoelectron and the vacancy formed in K shell is filled by an 
electron from a higher level [107]. The kinetic energy of the ejected photoelectron is related 
to the electron binding energy. XPS provides information about the state and composition and 
the escape depth of the electrons is only a few nm [24]. XPS measurements were carried out 
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with the Al Kα radiation. Prior to XPS, the samples were activated in H2 for 1 h at 400 °C. 
The catalysts were cooled down with helium. The catalysts were then transferred into a 
sample holder under N2 atmospheric glove box.  For binding energy calibration, C 1s at 284.8 
eV was employed.  
2.2.7 Inductively coupled plasma-optical emisssion spectometer (ICP-OES) 
The fundamental characteristic of this process is that different element emits energy at 
specific wavelengths peculiar to its chemical property. Although each element emits energy 
at multiple wavelengths, it is very common to choose a single wavelength for a given element. 
The intensity of the energy emitted at the chosen wavelength is proportional to the amount 
(concentration) of that element in the sample. Therefore, by selecting wavelengths emitted 
from a sample and by determining their intensities, the elemental composition of the given 
sample can be quantified relative to a reference standard [74].  
ICP-AES analysis requires a sample to be in solution. The elemental analysis of the prepared 
catalysts was performed by ICP-OES using a Varian 720-ES. The samples were acid 
digestion before the analsis. 0.1 g sample was added into the digestion vessel, 49% HF was 
added, and then was shake the mixture carefully with a glass bar. The mixture was heated at 
80 °C overnight. The excess of HF present was reacted with 4.5% H3BO3 solution and then 
brought to volume of 50 mL.  
2.2.8 Electron paramagnetic resonance spectroscopy (EPR) 
Electron paramagnetic resonance spectroscopy (EPR) deals with the interaction between 
electromagnetic radiation and magnetic moments arising from electrons [108]. Radiation in 
the gigahertz range (GHz) with a wavelength of a few cm is used for EPR experiments. EPR 
is limited to paramagnetic substances (unpaired electrons).  The unpaired electron has a state 
of lowest energy when the moment of the electron is aligned with the magnetic field and has 
a state of highest energy when aligned against the magnetic field B0.  
EPR spectra were measured at 120 K using a Bruker EMX spectrometer operating at X band 
frequency and 9.4 GHz field modulation. 20 mg of samples were mixed with 0.3 mL of 
acetonitrile and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all of 
these three chemicals. The sample tubes were cooled in liquid nitrogen before the 
measurement.  
64 
 
 
2.2.9 Diffuse reflectance UV-visible spectroscopy (DRUV-visible)   
DRUV-visible spectroscopy is a relatively cheap and simple technique to study different 
oxidation states and local coordination geometry of heterogeneous catalysts [109, 110]. Both 
d-d and electronic charge transfer transitions at the catalyst surface of supported transition 
metal ions, which are dependent on the local coordination environment, can be probed. This 
technique can directly provide chemical information and is quantitative in nature [110].   
The obtained reflectance spectra is related to an apparent absorption (K) and apparent 
scattering coefficient (S) and can be transformed into the Schuster-Kubelka-Munk (S-K-M) 
or Kubelka-Munk (K-M) function using the following equation, where R∞ is the measured 
diffuse reflectance from a semi-infinite layer  [109, 110]:  
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     Equation 2-7 
 
DRUV-visible spectra were recorded with a Shimadzu UV-VIS-NIR Spectrophotometer 
(UV-3600 Plus). The titanosilicates were mixed with 0.3 mL of acetonitrile and 0.08 mL 
H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all of three chemicals before 
the DRUV-visible spectra were recorded.  
 
2.3 Reactor Systems and Measurement 
2.3.1 Epoxidation of cyclohexene  
The epoxidation of cyclohexene was used as the target reaction to determine the most active 
catalyst. 30 mg of the catalyst was transferred into a pressure vial. 0.46 mL (4.5 mmol) of 
cyclohexene and 4.5 mL of acetonitrile were injected into the reactor. Then 0.2 mL (2.5 
mmol) of aqueous H2O2 (30 wt%) was added into the reactor. The reaction mixture was 
carried out at 70 °C under vigorous stirring for 2 h or specific times. The products with 
chlorobenzene as internal standard were quantified with gas chromatograph GC-2010 Plus 
(Shimadzu) with the flame-ionization detector and Rtx-5 column (30 m*0.32 mm*0.3 µm). 
The products were identified by a GC-MS-QP2010 Ultra (Shimadzu) equipped with a VF-
WAXMS column (30 m×0.25 mm×0.25 µm).  
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2.3.2 Selective oxidation of benzyl alcohols in liquid phase   
Evaluation of the catalysts for aerobic oxidation of benzyl alcohol was carried out in an 
autoclave. A reaction batch was consisted of 0.16 mL (0.3 M) of benzyl alcohol and 5 mL 
water as solvent. 50 mg of catalyst was reduced in H2 flow of 50 ml/min at 400 °C for 1 h. 
The H2 pre-treated catalyst was added into the reaction mixture. The autoclave was purged 
with O2 for five times and then supplied with O2 in 3 bar pressures. Then, the autoclave was 
heated up to 110 ºC. The products were quantified with gas chromatograph GC-2010 Plus 
(Shimadzu) with the flame-ionization detector and Rtx-5 column (30 m*0.32 mm*0.3 µm). 
GC was carefully calibrated by external calibration method. The products were identified by 
a GC-MS-QP2010 Ultra (Shimadzu) equipped with a VF-WAXMS column (30 m×0.25 
mm×0.25 µm).  
 
% Conversion =  
Moles of reactant converted
Moles of reactant supplied 
 × 100 
     Equation 2-8 
 
% Selectivity =  
Moles of desired product formed
Moles of reactant converted
 × 100 
     Equation 2-9 
 
TOF (h−1) =  
Moles of reactant converted
Moles of active sites × reaction time (h) 
  
     Equation 2-10 
 
The amount of active sites =
6 × y × ns × Wcat
dM × ρ × N
 
 
Equation 2-11 
 
Where y and dM are the metal weight fraction from ICP and the average particle diameter 
from TEM, respectively, ρ and ns are the density of metal and the number of metal atoms per 
unit of area, respectively. Wcat is the catalyst mass used in the experiments, and N is the 
Avogadro number (6.02×10
23
 mol
−1
) [5, 111].  
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3. The Cooperation of Surface OH Groups and Ti 
Active Sites for Oxidation of Cyclohexene  
 
3.1 Introduction of Oxidation of Olefins 
The oxidative functionalization of olefins is a key transformation in organic synthesis in 
chemical industry [35, 40, 58] to produce epoxides via oxidation of the C=C bond, diols by 
hydrolysis of epoxide ring [30], and allylic products via oxidation of the allylic C-H bond. 
Epoxides are one of the most valuable building blocks for the production of perfume 
materials, epoxy resins, plasticizers, drugs and so on [59]. The formation of diols is also 
widely used in the applications of preparing polyester, epoxy resin thinner, and in the fields 
of medicine and pesticides [112]. Allylic oxidation preserves the olefinic function in the 
products and generates carbonyl compounds and/or allylic alcohols, which act as building 
blocks for the synthesis of various functional macromolecules [113-115]. Oxidation of olefins 
has been commonly achieved by adding stoichiometric amounts of organic peracid such as 
peracetic acid and m-chlorobenzoic acid for more than 100 years [20, 35]. However, the risk 
of handling liquid peracids and the challenge to separate peracids from the product mixture 
motivated the scientists and engineers to develop green oxidation methods [35]. Among them, 
oxidation based on heterogeneous catalysis, especially on Ti-catalysts and hydrogen peroxide, 
is an attractive option for chemical industry [30, 35, 58] .   
In 1970, Shell researchers discovered that silica-supported titania (TiO2-on-SiO2 containing 
0.5 – 5wt% TiO2) prepared by impregnation was active for the liquid phase epoxidation [77, 
116]. Silica or TiO2 alone, or physical mixtures of SiO2 and TiO2, exhibited no significant 
activity [117]. The surface Ti-O-Si formed at the interface of SiO2 and TiO2 phases was 
proposed to be the active sites as shown in Scheme 3-1 [20, 116-119]. The Ti
IV
=O site 
worked as a strong Lewis acid sites as many other transition-metal sites to activate peroxide 
and form a peroxo-metal intermediate for olefin epoxidation [120-122]. Therefore, the 
dispersion and population of Ti-O-Si played a vital role for the performance of catalysts and 
were strongly limited in the interface on TiO2/SiO2 catalysts [123]. 
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Scheme 3-1: Structure of titania-on-silica and the mechanism for the epoxidation of alkenes adapted from 
Ref [77, 117, 124] 
 
Ti
IV
 sites were highly distributed inside crystalline zeolites (such as TS-1, the first Ti-Si 
zeolite discovered by Taramasso et al. [29]) and mesoporous materials (the discovery of Ti-
MCM-41 by Corma et al. [125]) via the isomorphous substitution of silicon atoms in zeolite 
framework [29, 31, 32] or silica network during the synthesis. Most of these Ti(IV) atoms are 
isolated from each other by long chains of –O-Si-O-Si-O- on crystalline [126, 127] or 
amorphous silicate network [77, 128] without the formation of TiO2 domains [129, 130], 
which contributed the higher catalytic performance in olefin oxidation [19, 51, 77, 131, 132]. 
tThe catalytic activity of these catalysts was correlated well with the amount of framework Ti 
atoms as a single-site type of catalysts [133, 134]. A heterolytic peracid-like mechanism [24, 
33, 77, 135-138] has been proposed for this reaction. After addition of H2O2, one of the four 
local Ti-O-Si bridging was hydrolysed to a titanium hydroperoxo complex (Ti-OOH) and 
silanol Si-OH species as shown in Scheme 3-2 [77, 139]. The electrophilicity of Ti-OOH was 
further increased by the co-ordination of one water molecule or alcohol solvent to form the 
complex with a five-membered peracid-type species [33, 34, 77, 135], which were proposed 
for the oxygen transfer to olefin and to complete the oxidation [135].  
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Scheme 3-2: Mechanism of epoxidation of alkene (a) and oxidation of alkane (b) on TS-1 adapted from 
Ref [33]. 
 
It was concluded that the olefin epoxidation is a typical Lewis-acid derived reaction on Ti(IV) 
active sites. Surface Brønsted acidity is not preferred as it easily initiates the ring opening of 
epoxides to byproduct-diols and deactivates the Ti sites by the strong adsorption of diols [34, 
126, 140-143]. However, the formation of Brønsted acidity is hard to be avoided on the local 
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Ti-O-Si bridging in Ti contained zeolites [126, 131, 144] or mesoporous silica [19]. The 
introduction of tetrahedral Ti into silica framework would withdraw electron from oxygen 
atom of silanol group by nearby Ti
4+
 ions [19, 145] and structure deformation [128], which 
would generate Brønsted acid sites on surface [19, 46, 128, 131]..  
Various titanium silicates (TS-1) with different Si/Ti ratios have been characterized by 
microcalorimetric adsorption of ammonia [146]. As the Si/Ti ratio decreases, the acid 
strength distribution shifts to higher ∆H values indicating increase of stronger acid sites. In 
the case of Si/Ti = 17, the amount of medium acid sites is almost double compared to the 
Si/Ti = 80, which confirms the relationship of the acidity pattern with the titanium content 
[146]. Weak acid sites are present at higher Si/Ti ratios and the amount of these sites 
increases with Ti content, confirming that the acidity is connected with the framework 
titanium species [146]. According to UV-Vis and Raman results [147], more framework Ti 
species (four Ti-O-Si bridges) in the TS-1, the higher the propylene conversion: TS-1(Si/Ti = 
30)> TS-1(Si/Ti = 50)> TS-1(Si/Ti = 80). This confirms that the isolated titanium species in 
the framework of the TS-1 is the active site for the oxidation reaction. However, the yield of 
propylene oxide is inversely correlated with the propylene conversion due to the presence of 
the non-framework amorphous Ti species or anatase TiO2 at high Ti content.   
For Ti-MCM-41, according to the results obtained from the pyridine adsorption-desorption 
measurement followed by FT-IR, Lewis acid sites are related to the presence of tetrahedral, 
coordinatively unsaturated Ti species in the framework on the surface. Thus, Lewis acid sites 
increase with increasing titanium content [19]. The framework titanium species are the 
effective active sites for the oxidation of olefin with hydrogen peroxide and high amount of 
titanium achieved fast reaction [19]. The product yields increased with high Ti content up to 
about 1-1.5 wt.% (Si/Ti molar ratio = 40-60). Ti in MCM-41 can act as traps for electron-
donor molecules and participate in the oxygen transfer which occurs in the selective 
oxidation reactions. Wang et al. [148] investigated the role of Ti  in Ti-MCM-41 with 
different Si/Ti atomic ratios ranging from 5 to 100 prepared by the hydrothermal synthesis in 
the transesterification of dimethyl oxalate (DMO) with phenol. The pure MCM-41 had poor 
conversion of 10.4% and 0.45% yield of diphenyl oxalate (DPO). All the Ti-MCM-41 
achieved over 58% DMO conversion. The best performance on Ti-MCM-41-5 (the highest Ti 
loading) had 68.8% conversion with 17.8% DPO yield. It is concluded that Ti incorporated 
into the framework to form weak Lewis acid sites is responsible for the enhancement of the 
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catalytic ability of these materials. Eimer et al. [149] reported that the catalytic activity 
initially increased with Ti content up to reaching the maximum conversion level at Ti-MCM-
41 with 1 wt.% Ti content and then the conversion was kept unchanged with further 
increasing Ti content. The yield of epoxide and diol increased with Ti content up to a 
maximum level (1 wt.% Ti-MCM-41) while the yield of allylic products decreased. 
Many efforts have been reported to enhance the epoxide yields via the neutralization of 
Brønsted acid sites (BAS) on Ti-zeolites or amorphous titania-silica by ion-exchange with 
basic metal ions (Li, Na, K, Ba and Mg) or the introduction of inorganic basic additives 
(NaHCO3) [77, 150-152].  
In this research, we observed that the existence of Lewis acidic Ti sites could not drive the 
reaction well, and the co-existence of BAS was significant for epoxidation and oxidation. 
However, the neutralization of BAS blocked the in situ formation of Ti active sites and then 
reduced the reaction rates. Ti active sites were liberated only from acidic Si-OH-Ti with the 
interaction of H2O2. Formed active sites, hydroperoxo-/peroxo-titanium and superoxo-
titanium, initiated the reaction as indicated by EPR and DRUV-visible spectroscopies. We 
used amorphous Ti-MCM-41 with and without BAS as model catalysts, since it contained the 
dominant Ti
IV 
species flexibly coordinated in silica network. Compared with the strongly 
coordinated Ti
IV 
species in the framework of crystalline zeolite, the flexible coordination of 
Ti
IV 
species in samples was proposed to have a higher possibility to directly interact with 
oxidant to expand from tetrahedral to pentahedral and octahedral coordination to form active 
intermediates [131, 153]. One-pot room-temperature direct synthesis method for a series of 
Ti-MCM-41 (different Si/Ti molar ratio) with and without BAS was developed by using 
different mineralizers (NaOH/NH4OH). The relationships between the acidity and catalytic 
activity in oxidation of cyclohexene are investigated. 
 
3.2 Experimental Section  
3.2.1 Preparation of Ti-MCM-41 
Commercial cetyltrimethylammonium chloride, CTACl (25 wt% in H2O), ammonium 
hydroxide solution (28% of NH3 in H2O), sodium hydroxide (NaOH), titanium (IV) 
oxysulfate (TiOSO4.xH2O, TS), titanium (IV) isopropoxide (C12H28O4Ti, TIP), titanocene 
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dichloride (Cp2TiCl2, CT) and tetraethyl orthosilicate, TEOS (100%) were purchased from 
Sigma Aldrich. 
Preparation of H/Ti-MCM-41 
One-pot room-temperature direct synthesis of H/Ti-MCM-41 with different Si/Ti molar ratios: 
23 mL of CTACl (25 wt% in H2O) was added into 263 mL of deionized water. 23 mL of 
ammonium hydroxide solution (28% of NH3 in H2O) was added into the above solution under 
stirring. 0.36-1.79 g of TiOSO4.xH2O dissolved in 130 mL of 0.005M H2SO4 as a titanium 
source, and 23 mL of TEOS were slowly added into the above solution to yield a white gel 
with the molar ratio of H2O:CTACl:NH4OH:TiOSO4.xH2O:TEOS = 216:0.17:1.61:0.11:1. 
The gel was stirred for 1 h at room temperature. Ti-MCM-41 was synthesised in this period. 
The gel was washed with 2 L of deionized water, dried at 353 K overnight, and finally 
calcined at 823 K for 4 h in air with a heating rate of 1 ºC/min. Ti-MCM-41 catalysts with 
different Si/Ti molar ratios are denoted as H/Ti-MCM-41-x, where x corresponds to Si/Ti 
molar ratio of 10, 20, 30, 40 and 50. Pure MCM-41 sample (Si-MCM-41) was also prepared 
by the same synthesis method without titanium precursor.  
  
Preparation of Na/Ti-MCM-41 
One-pot room-temperature direct synthesis of Na/Ti-MCM-41 with Si/Ti = 10: 23 mL of 
CTACl (25 wt% in H2O), was added into 263 mL of deionized water. 1.4 g of sodium 
hydroxide (NaOH) was added into the above solution under stirring. 1.79 g of TiOSO4.xH2O 
dissolved in 130 mL of 0.005M H2SO4, and 23 mL of TEOS, were slowly added into the 
above solution to yield a white gel with the molar ratio of 
H2O:CTACl:NaOH:TS:TEOS=212:0.17:0.34:0.11:1. The gel was stirred for 1 h at room 
temperature. Ti-MCM-41 was synthesised in this period. The gel was washed with 2 L of 
deionized water, dried at 353 K overnight, and finally calcined at 823 K for 4 h in air with a 
heating rate of 1 ºC/min. Ti-MCM-41 catalysts with Si/Ti = 10 using NaOH is denoted as 
Na/Ti-MCM-41-10. 
 
 
72 
 
 
3.2.2 Catalyst characterization   
Titanium content of the prepared samples were measured by inductiviely coupled plasma-
optical emisssion spectometer (ICP-OES) using a Varian 720-ES. The catalysts were 
characterized by Siemens X-Ray Diffractometer (XRD-D5000) with CuKα radiation operated 
at 40 kV and 30 mA at scan range from 1 to 70 degree with continuous scanning mode at a 
rate of 2 ° min
-1
. From N2 adsorption isotherm at 77 K using Autosorb IQ-C system, the 
surface area of the catalysts was obtained. . An amount of 50 mg of the samples was degassed 
at 423 K for 12 hours under vacuum before the measurement. The pore size distribution was 
calculated using the Barrett-Joyner-Halenda (BJH) model. The morphology and size of solid 
catalysts were observed with SEM recorded on Hitachi S4500 FEG-SEM. SEM sample 
preparation is done by using forceps apply a conductive carbon tab to an aluminium pin stub, 
apply a thin layer of sample onto the carbon tab, then gently blow away excess sample using 
an air duster. Transmission electron microscope (TEM) images were obtained by using a 
JEOL 2100 and JEOL 2200FS. Sample for TEM analysis is first dispersed into ethanol and 
sonicated for few minutes. A drop of the suspended material is then pipetted onto a strong 
carbon grid film on 200 mesh Cu (GSCu200C). The particles settle to the grid surface and 
ethanol must be allowed to evaporate fully before viewing in the TEM. Images were analysed 
on DigitalMicrograph. Raman analysis was performed on Renishaw Raman Invia Reflex 
under 633 nm excitation lines. Diffuse reflectance UV-vis (DRUV-visible) spectroscopy was 
performed on UV-visible spectrophotometer (Shimadzu, UV-3600 Plus) with the range of the 
wavelength from 200 to 800 nm to identify and characterize metal ion coordination and its 
existence in framework and/or in extra-framework position of Ti-containing mesoporous 
materials. The titanosilicates were mixed with 0.3 mL of acetonitrile and 0.08 mL H2O2 or 
0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all of three chemicals before the 
DRUV-visible spectra were recorded. Surface acidity was investigated by temperature 
programmed desorption of ammonia (NH3-TPD) on Chem BET TPR/TPD Chemisorption 
Analyzer, CBT-1, QuantaChrome instruments. A 0.03 g of the samples were pre-treated at 
500 °C for 1 h in dry helium (20 mL/min) to purge the gas or moisture adsorbed on the 
samples, then the temperature was cooled to the adsorption temperature of 100 °C, followed 
by the adsorption of gas mixture of NH3 and He (8.16% mol/mol) for 30 min. After purging 
the catalyst with He (20 mL/min) at 100 °C for 1 h, the TPD plot from 100 °C to 900 °C was 
obtained at a heating rate of 10 °C /min. The thermal conductivity detector signal and 
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temperature corresponding to NH3 desorption were recorded simultaneously. The amount and 
temperature of the desorbed NH3 corresponded qualitatively to the number and strength of 
the acidic sites. Diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) on 
Nicolet 6700 spectrometer was used to evaluate the strength and type of acid sites. Simply fill 
sample cup in a thermostat cell with KBr windows connected to a vacuum line with samples 
by the provided packing tool. The samples evacuated for 1 h at 673 K. The background 
spectrum was recorded with MCT/A detector at 673, 573, 523, 473, 423, 373 and 323 K. 
Afterwards, the sample was exposed to NH3/He mixture at 323 K for 30 min, and then purged 
with N2 for 20 min to remove the physical adsorption of NH3. The IR spectrum for each 
sample was obtained after NH3 desorption at 323, 373, 423, 473, 523, 573 and 673 K. Scan 
range, resolution and scan were 4000 – 650 cm-1, 4 cm-1 and 64, respectively. The difference 
spectrum was obtained finally by subtracting the background spectrum recorded previously. 
EPR spectra were measured at 120 K using a Bruker EMX spectrometer operating at X band 
frequency and 9.4 GHz field modulation. 20 mg of samples were mixed with 0.3 mL of 
acetonitrile and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all of 
three chemicals. The sample tubes were cooled in liquid nitrogen before the measurement. 
 
 
3.2.3 Oxidation of cyclohexene  
The epoxidation of cyclohexene was used as the target reaction to choose the most active 
catalyst. 30 mg of the catalyst was transferred into a pressure vial. 0.46 mL (4.5 mmol) of 
cyclohexene and 4.5 mL of acetonitrile were injected into the reactor. Then 0.2 mL (2.5 
mmol) of aqueous H2O2 (30 wt.%) was added into the reactor. The reaction mixture was 
carried out at 70°C under vigorous stirring for 2 h or specific times. The products with 
chlorobenzene as internal standard were quantified with gas chromatograph GC-2010 Plus 
(Shimadzu) with the flame-ionization detector and Rtx-5 column (30 m*0.32 mm*0.3 µm). 
The products were identified by a GC-MS-QP2010 Ultra (Shimadzu) equipped with a VF-
WAXMS column (30 m×0.25 mm×0.25 µm).  
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3.3 Results and Discussion  
3.3.1 Characterizations 
 
Figure 3-1: X-ray diffraction patterns of Ti-MCM-41 prepared by one-pot room-temperature direct 
synthesis with (A) different Si/Ti molar ratios and (B) different mineralizers with Si/Ti =10. 
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The X-ray powder diffraction patterns of Ti-MCM-41 catalysts are shown in Figure 3-1. One 
main reflection peak corresponding to (100) plane at a low angle around 2-2.5° together with 
two additional small peaks (110 and 200) in the 2θ range from 4.0 to 5.0 are observed, which 
is characteristic of a highly ordered hexagonal channel structure for all the catalysts [154]. 
When the content of titanium was increased, the main d100 peak shifted towards lower 
diffraction angles consistent with a probable incorporation of Ti into the MCM-41 structure 
[30]. The intensity of d100 of the samples decreased with Ti content, suggesting the 
introduction of Ti in disordered mesoporous structure [154]. Na/Ti-MCM-41-10 had similar 
XRD pattern as H/Ti-MCM-41-10. In the high angle diffraction patterns shown in inset figure, 
a broad peak at 2θ of 25° revealed the amorphous nature of silica.  Moreover, TiO2 crystal 
was absent in the samples [30]. Therefore, homogeneous dispersion even up to high Ti 
content was successfully attained by this one-step room-temperature method. 
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Figure 3-2: N2 adsorption/desorption isotherms (A), pore size distribution (B) of Ti-MCM-41 with 
different Si/Ti molar ratios and N2 adsorption/desorption isotherms (C) and pore size distribution (D) of 
Ti-MCM-41 with different mineralizers (Si/Ti = 10). 
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Table 3-1: Textural properties of Ti-MCM-41 prepared by one-pot room-temperature direct synthesis 
with different Si/Ti molar ratios and mineralizers. 
Ti-MCM-41 
(Si/Ti) 
A 
(m
2
/g)
a
 
V 
(cm
3
/g)
a
 
d 
(nm)
a
 
d
100
 
(nm)
b
 
a
0
 
(nm)
c
 
Wall 
thickness 
(nm)
d
 
Ti content 
(wt%)
e
 
Si/Ti 
(molar 
ratio)
e
 
Si-MCM-41 1036 0.8 2. 5 3.5 4.0 1.5 0.0 -- 
H/Ti-MCM-41-50 1049 1.0 2.7 3.7 4.2 1.5 -- -- 
H/Ti-MCM-41-40 1029 0.9 2.7 3.7 4.2 1.5 -- -- 
H/Ti-MCM-41-30 957 0.9 2.7 3.6 4.1 1.4 -- -- 
H/Ti-MCM-41-20 945 0.9 2.7 3.9 4.5 1.8 -- -- 
H/Ti-MCM-41-10  944 0.9 2. 5 4.0 4.6 2.2 6.9 10.7 
Na/Ti-MCM-41-10 748 0.6 2.6 4.1 4.8 2.2 5.5 13.3 
a 
Specific surface area (A), total pore volume (V), and average pore size (d) were determined by N2 adsorption-
desorption isotherm
s 
b 
The interplanar distance, d100 was obtained by the Bragg Law (2d sinθ= λ, where λ=0.15406 nm) 
c 
The hexagonal unit cell parameter, 3/2 1000 da   
d 
The wall thickness can be estimated by
 
da 0
 
e 
Elemental analysis by inductively coupled plasma (ICP) spectroscopy.  
 
The N2 adsorption/desorption isotherms with their corresponding BJH pore size distribution 
of the catalysts are shown in Figure 3-2. N2 sorption showed the typical type IV isotherms 
[31] for all the catalysts indicating a mesoporous structure. The step increase in the 
adsorption isotherm and a inflection around P/P0 = 0.25-0.35 due to the capillary 
condensation indicate that the synthesized catalysts have a typical pore structure to MCM-41 
[38] and have narrow pore size distribution in the range of 2.4 to 2.8 nm for high diffusion 
[49]. From Figure 3-2(C), the Na/Ti-MCM-41-10 catalyst also showed the type IV isotherm 
with average pore size of 2.6 nm. Based on these results, all catalysts had the same pore 
structure. The corresponding physical parameters of Ti-MCM-41 catalysts are summarized 
into Table 3-1. Increasing the Ti content, the specific surface area decreased from 1049 to 
944 m
2
/g, which may be due to the thicker wall.  
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Figure 3-3: SEM images of Si-MCM-41 and Ti-MCM-41 with different Si/Ti molar ratios: a) Si-MCM-41, 
b) H/Ti-MCM-41-50, c) H/Ti-MCM-41-40, d) H/Ti-MCM-41-30, e) H/Ti-MCM-41-20, f) H/Ti-MCM-41-
10 and g) Na/Ti-MCM-41-10. 
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The morphology and size of the mesoporous materials were investigated by SEM. Si-MCM-
41 had non-uniform particle sizes with dominant particle size distribution around 50-100 nm 
and small amount of large particles around 1 μm. All Ti-MCM-41 catalysts had spherical 
shape with a particle size distribution between 20 and 800 nm. This indicates that the 
incorporation of titanium into the silicate framework stabilise the particle size distribution. 
The particle sizes of Ti-MCM-41 with Si/Ti = 50, 40, 30, 20 and 10 were 50-100 nm, 250-
400 nm, 200-300 nm, 50-120 nm and 20-50 nm, respectively. In general, the particle size 
decreased as the titanium content increased (except (a)). The higher titanium content into the 
silicate framework causes disorders in the mesoporous structure with ionic radius of Ti
4+
 
larger than Si
4+
 [31]. Figure 3-3(f) showed that Na/Ti-MCM-41-10 had very big particle size 
in the range of 200 to 800 nm compared to H/Ti-MCM-41-10.  
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Figure 3-4: TEM images of Ti-MCM-41 with different Si/Ti molar ratios: A) 10, B) 20, C) 30, D) 40 and E) 
50 and HRTEM images: a) 10, b) 20, c) 30, d) 40 and e) 50. 
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The TEM images of Ti-MCM-41 shown in Figure 3-4 exhibit regular pores, but only slight 
effect on their long-range order as demonstrated by the XRD patterns. The mesoporous 
structure of these materials existed as evidenced by the N2 adsorption-desorption isotherms. 
The TEM images show no crystals formed and the amorphous nature of the silica was 
consistent with XRD results.  
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Figure 3-5: DRUV-visible spectra of one-pot room-temperature direct synthesized catalysts. 
 
Diffuse reflectance UV-visible (DRUV-visible) spectroscopy is a very sensitive method for 
analysing the electronic environment of Ti centres as the ultraviolet absorption peak of 
titanium is sensitive to its coordination number. H/Ti-MCM-41-10, H/Ti-MCM-41-40 and 
Na/ Ti-MCM-41-10 exhibited a broad absorption band between ca.220 and 380 nm. Most of 
the Ti ions in H/Ti-MCM-41-10 with the peak top at 226 nm existed as isolated tetrahedral 
tripodal Ti species (Ti(OH)(OSi)3) [155, 156]. The tetrapodal Ti coordinated to four SiO- 
groups is called the perfect sites and can interact with H2O producing tripodal Ti coordinated 
to three SiO- and one HO- group called the defect site [145]. Tetrapodal Ti (Ti(OSi)4) shows 
a characteristic UV-band at around 210 nm, the tripodal Ti (Ti(OH)(OSi)3) shows the band at 
220 nm [155] and penta- and octahedral coordinated Ti species show the band at greater than 
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270 nm [45, 154]. The absorption at ~ 250 nm may be an indication of the disordered 
tetrahedral environment of the structure as indicated by XRD [157]. The Ti
4+
 in tetrahedral 
form is reported to act as active site precursor in the catalyst for the reaction [158]. The 
shoulder at 260-350 nm probably arises from the interaction of water with the Ti atoms 
resulting in the change of its coordination from tetrahedral to penta-coordinated titanium 
(Ti(OH)(H2O)(OSi)3), even octahedral coordinated titanium (Ti(OH)(H2O)(OSi)3 [45, 131, 
159] or extra-framework titanium [44]. The absence of another band at 330 nm indicates that 
no anatase-like phases are formed [45]. For very low titanium content, H/Ti-MCM-41-40, the 
intensity of the absorption band where the peak top at 216 nm was the lowest as the relative 
intensity increases proportionally with the titanium content [147]. H/Ti-MCM-41-10, the 
band assigned to framework titanium species shifted to from 216 to 226 nm, and this may be 
due to the less ordered tetrahedral coordinated structure according to the XRD results [147]. 
The intensity of the peak was much lower and the peak was much boarder in Na/Ti-MCM-
41-10 compared to H/Ti-MCM-41-10 possible due to the formation of ≡Si-ONa and ≡Ti-
ONa (1.8 wt% of Na in Na/Ti-MCM-41-10 from ICP analysis) [33, 77, 160]. Moreover, the 
presence of Na lowered the titanium incorporation into the framework, which was confirmed 
by ICP analysis (Na/Ti-MCM-41-10: 5.5 Ti wt.% and H/Ti-MCM-41-10: 6.8 Ti wt.%). 
Therefore, a smaller amount of isolated tetrahedral tripodal Ti species (Ti(OH)(OSi)3) could 
be detected as the generation of ≡Ti-ONa. 
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Figure 3-6: Raman spectra of H/Ti-MCM-41-40. 
 
Raman spectroscopy is used to identify the isolated transition metal ions in molecular sieves 
[161] and is sensitive to the presence of TiO2 crystallites [157]. The anatase form of TiO2 
crystallites has bands at 152, 397, 518 and 641 cm
-1
 [162] and the bands at 283 and 449 cm
-1
 
are attributed to brookite and rutile, respectively [157]. The band at 697 cm
-1
 corresponds to 
Ti-O-Ti bonds [163]. According to the UV Raman spectroscopy investigation by Li’s group 
[161], Raman band observed at 1125 cm
-1
 is attributed to a local unit of [Ti(OSi)4] in TS-1 by 
asymmetric stretching vibration of Ti-O-Si [161, 164]. The Raman band at 1110 cm
-1
 is 
attributed to tetrahedral coordinated Ti species in the amorphous wall of Ti-MCM-41 [165]. 
Very weak UV Raman bands at 1085 cm
-1
 due to Ti-O-Si species indicated that the surface 
concentration of Ti-O-Si species was very small [166]. Figure 3-6 shows the Raman spectra 
of H/Ti-MCM-41-40 excited by the 633-nm line. Signals attributable to TiO2 crystallites were 
not detected in the sample in good agreement with the high-angle XRD patters and TEM 
images. Strong Raman bands were observed at 429 and 705 cm
-1
, and weak bands were 
observed at 491, 604, 826, 1019 and 1075 cm
-1
. The bands at 491 and 1075 cm
-1
 can be 
assigned to the tetrahedral coordinated Ti species (Si−O−Ti bonds) in the amorphous wall of 
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Ti-MCM-41 [147, 164, 165, 167, 168]. The frequency of the characteristic band at 1075 cm
-1
 
of Ti-MCM-41 is lower than that of TS-1 (1125 cm
-1
) reported in the literatures, which 
indicates that Ti atoms in Ti-MCM-41-40 are relatively flexible [147, 166]. The band at 826 
cm
-1
 is the characteristics of MCM-41 structure. The flexible structure of the Ti atoms is 
much easier for water or solvent or oxidant to generate active sites, hydroperoxo-/peroxo-
titanium and/or superoxo-titanium, in the reaction [131, 153]. 
3250 3300 3350 3400 3450 3500
 
 
 Na/Ti-MCM-41-10
 H/Ti-MCM-41-40
 H/Ti-MCM-41-10
E
P
R
 I
n
te
n
s
it
y
 (
a
.u
.)
Magnetic field (G)
 
Figure 3-7: X-band EPR spectra (120 K) of one-pot room-temperature direct synthesized catalysts. 
 
EPR is used to distinguish titanium in different coordination geometries. Most common 
oxidation state of Ti (Ti
4+
) is EPR silent, while Ti
3+
 formed by reduction or by irradiation by 
gamma-/UV-rays and with a 3d
1
 electronic configuration is EPR active [169]. It is well 
known that the interaction of titanosilicates with H2O2 leads to a yellow colour ascribed to a 
peroxo titanium species [170]. On addition of aqueous H2O2, there are three possible reactive 
oxo-titanium species (hydroperoxo-, peroxo-, and superoxo-titanium) in titanosilicates. The 
former two species are EPR diamagnetic and the last one is EPR paramagnetic [171, 172]. 
Different superoxo-titanium species Ti(O2
-.
) with different gzz value can be generated over Ti-
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MCM-41 depending on different titanosilicates structures [173]. There are two types of 
Ti(O2
-.
) species arising from Ti(OSi)4 and Ti(OH)(OSi)3 sites with gzz at 2.028 and 2.024 with 
the same gyy and gxx, which confirms that Ti is present as isolated, tetrahedral Ti
4+
 ions [171-
174]. EPR spectra of fresh catalysts are shown in Figure 3-7. No signal was observed for all 
the catalysts with/without BAS, indicating that only EPR silent Ti
+4
 existed in the MCM-41 
network [169, 175]. 
Therefore, the incorporation of a large amount of Ti as isolated, tetrahedral coordinated Ti
4+
 
species in the MCM-41 framework is a direct consequence of the amorphous character of the 
pore walls. Moreover, XRD, DRUV-visible and EPR analyses revealed that Ti atoms in Ti-
MCM-41 were relatively flexible and were much easier to contact with water, oxidant, 
reactant and solvent. This contact expanded the coordination number of the Ti ions from 
tetra- to penta- and octahedral coordination to form the active sites Ti(OOH) in the oxidation 
reactions [131].  
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Figure 3-8: NH3-TPD patterns of Si-MCM-41, Na/Ti-MCM-41-10 and H/Ti-MCM-41-10. 
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As the tetrahedral coordinated, isolated Ti
4+
 species were introduced into the silica network 
during the synthesis, the acid sites would be generated on the surface accordingly. NH3-TPD 
which has been widely used for characterization of solid acid catalysts was performed to 
investigate the acidity of Ti-MCM-41. As shown in Figure 3-8, a strong and broad NH3 
desorption peak was observed with a maximum peak (Tm) at 480 K for H/Ti-MCM-41. For 
H/Ti-MCM-41, the desorption peaks are reported at about 448 K for Lewis acid sites [153], 
at 492 K for both weak Lewis and Brønsted acid sites and also at 514 K. From the literature, 
NH3 desorbed at 448 K for weak Lewis acid sites [153] and the overlap of both Lewis and 
Brønsted acid sites with weak acidic strength is reported at 489-497 K [176]. Moreover, the 
Tm indicates the relative strength of the acidic sites, higher Tm means the stronger the acid 
sites. All of these peaks are in the low temperature region (below 673 K) [177], indicating 
very weakly bonded NH3 species in the sample [178] due to the presence of both weak Lewis 
acid sites and weak Brønsted acid sites . No NH3 desorption was observed for Na/Ti-MCM-
41-10 and H/MCM-41, indicating neutralisation of Ti-MCM-41 by introduction of Na. 
Na/Ti-MCM-41-10 and H/Ti-MCM-41-10 had similar XRD patterns without TiO2, and high 
surface area with uniform pore size, but Na/Ti-MCM-41-10 had much larger particle size 
compared to H/Ti-MCM-41-10. However, the acidity of these two samples are totally 
different; H/Ti-MCM-41-10 has acidity containing both Lewis acid sites and Brønsted acid 
sites, while Na/Ti-MCM-41-10 has no acidity. This acidic property difference would strongly 
affect the catalytic activity for oxidations.  
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Figure 3-9: DRIFTS spectra of ammonia adsorption on (A) Na/Ti-MCM-41-10 and H/-Ti-MCM-41-10 at 
323 K; (B) H/-Ti-MCM-41-10 at 323, 373 and 473 K. 
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In situ diffuse reflectance infrared fourier transform spectroscopy (DRIFTS) of catalysts after 
NH3 adsorption was used to distinguish the acid sites such as the surface aprotic (Lewis) acid 
and protonic (Brønsted) acid sites [19, 179]. As shown in Figure 3-9, H/Ti-MCM-41-10 
presented the band at 1446 cm
-1
 of the NH4
+
 species , indicating the protonation of ammonia 
on BAS formed by Ti
4+
 ions in the vicinity of the silanol groups  [179]. The band at 1608 cm
-
1
 of H/Ti-MCM-41-10 can be assigned to NH3 adsorbed on Ti Lewis acid sites [180] . 
Comparing the relative intensity of Lewis and Brønsted acid sites, much more BAS have 
been generated on the surface. Moreover, from Figure 3-9(B), increasing the desorption 
temperature, the intensity of the band at 1608 cm
-1
 and 1446 cm
-1 
of all the catalysts 
decreased. This indicates that both Lewis acid sites and Brønsted acid sites were not strong 
acid sites [181]. Nearly no signal was observed for NH3 chemical adsorption on acid sites on 
Na/Ti-MCM-41-10. This indicates that introduction of alkali metal Na has neutralized the 
surface acidity, in good agreement with the NH3-TPD results. 
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Figure 3-10: X-band EPR spectra (120 K) of A) H/Ti-MCM-41-10 under different conditions: a) catalyst 
only; b) hydrogen peroxide and acetonitrile; c) cyclohexene and acetonitrile and d) hydrogen peroxide, 
acetonitrile and cyclohexene and B) Na/Ti-MCM-41-10, H/Ti-MCM-41-40 and H/Ti-MCM-41-10 under 
hydrogen peroxide and acetonitrile. Conditions: 20 mg of samples were mixed with 0.3 mL of acetonitrile 
and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or these three chemicals 
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The XRD patterns confirm that most of the Ti atoms in Ti-MCM-41 are in the framework 
tetrahedral position and no extra-framework anatase was detected. These Ti sites lead to the 
formation of a titanium peroxo complex (hydroperoxo-, peroxo-, and superoxo-titanium) after 
the addition of H2O2, which has been proposed as the active species for the transfer of oxygen 
from the oxidant to the reactant [182]. These generated reactive oxygen species have different 
activity on the oxidations [172]. The structure of reactive oxo-titanium species in 
titanosilicates generated on interaction with H2O2 has been investigated by electron 
paramagnetic resonance (EPR) and DRUV-visible spectroscopies. EPR gives a direct 
evidence to distinguish titanium in different local structures; the adsorption of superoxo-
species (O2
-.
) on the synergetic tetrahedral Ti
4+
 ions give different gzz values before and after 
the interaction with H2O2. It is well known that Si-MCM-41 samples present no EPR signal 
after contacting with oxidants [183], indicating that the formed radicals from Ti-MCM-41 
involve titanium [173, 174]. The gzz value of the superoxo-titanium species is sensitive to the 
Ti-O bond length, the coordination number and local geometry of Ti [172].  
No EPR signal (Figure 3-10) was observed for H/Ti-MCM-41-10, indicating only Ti
4+
 (EPR 
silent) in the Ti-MCM-41 network [169]. Zhao et al. [173] also found that the fresh catalyst 
TS-1 adsorbing phenol only gave a very weak signal with gzz = 2.0070. The catalyst 
contacted with cyclohexene/cyclohexane could not produce an EPR signal [184]. In case of 
H/Ti-MCM-41-10 or H/Ti-MCM-41-40, when acetonitrile and cyclohexene were added, the 
EPR spectra showed no change, indicating both solvent and cyclohexene could not be 
activated to form an ionic intermediate generally occurred in oxidation. It is proposed that the 
Lewis acidic Ti centre could not directly activate the reactant olefin and the BAS is not strong 
enough to protonate olefin to hydrocarbon cation [185, 186]. When H2O2 was added to H/Ti-
MCM-41-10, the colour changed from white to yellow and the strong EPR signal was 
observed as shown in Figure 3-10 (A). The change in colour indicates the formation of Ti-
oxo species [170]. In the liquid phase, H2O2 is known to act as a strong, bidentate ligand to 
Ti
IV
 compounds, to form three different types of oxygen-donating titanium species shown in 
Figure 3-11. The formation of Ti(O2
-.
) species with the cooperation of acidity is proposed. 
The intensity of the Ti(O2
-.
) signal increased with the amount of Ti introduced into MCM-41 
network as shown in Figure 3-10 (B). The strong EPR signal with gzz = 2.024, gyy= 2.009 and 
gxx = 2.004 was assigned to Ti(IV)-superoxo radical species Ti(O2
-.
) arising from the 
interaction between defect site tripodal Ti(OH)(OSi)3 and H2O2 [139, 167, 170, 171, 187-
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189]. The absence of signal with gzz = 2.028, gyy= 2.009 and gxx = 2.004 which was assigned 
to Ti(IV)-superoxo radical species Ti(O2
-.
) arising from the interaction between perfect sites 
Ti (OSi)4 and H2O2 suggests that the Ti-MCM-41 contain only defect site tripodal 
Ti(OH)(OSi)3 with neighbouring Si-OH confirmed in DRUV-vis spectra also. The intensity 
of the spectra increases with increasing the Ti content [174]. 
 
(𝑆𝑖𝑂)3𝑇𝑖𝑂𝑆𝑖 + 𝐻2𝑂2  → (𝑆𝑖𝑂)3𝑇𝑖𝑂𝑂𝐻 + 𝑆𝑖𝑂𝐻 
𝐻2𝑂2  → 2𝐻𝑂 ∙ 
(𝑆𝑖𝑂)3𝑇𝑖𝑂𝑂𝐻 + 𝑂𝐻 ∙ →  (𝑆𝑖𝑂)3𝑇𝑖𝑂𝑂 ∙ +𝐻2𝑂 
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Figure 3-11: Three types of framework titanium species (a) perfect site; (b) defect sites I; (c) defect site (II) 
and the oxygen-donating titanium species (I) Ti-peroxo; (II) Ti-hydroperoxo; and (III) Ti-superoxo. 
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 Figure 3-12: UV-Vis spectra of one-step room-temperature synthesized catalysts A), B) and C) under 
different conditions: a) catalyst only; b) hydrogen peroxide and acetonitrile; c) acetonitrile and 
cyclohexene and d) hydrogen peroxide, acetonitrile and cyclohexene. D) Simulation of Na/Ti-MCM-41-10 
with the addition of hydrogen peroxide and acetonitrile. E) Simulation of deconvoluted bands of H/Ti-
MCM-41-10 with the addition of hydrogen peroxide and acetonitrile. Conditions: 0.3 mL of acetonitrile 
and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all these three chemicals. 
 
Hydroperoxo-/peroxo-titanium species are EPR silent [139, 171, 190], and therefore, DRUV-
visible spectroscopy was used to further confirm the existence of the superoxo- and 
hydroperoxo/peroxo-titanium species in contact with aqueous H2O2 [45, 154-156, 172]. 
DRUV-visible spectra are shown in Figure 3-12. After the interaction with H2O2, two bands 
corresponding to superoxo-titanium and hydroperoxo/peroxo-titanium species are reported at 
360 and 405 nm, respectively. 
From DRUV-visible spectra, H/Ti-MCM-41-10, H/Ti-MCM-41-40 and Na/Ti-MCM-41-10 
exhibit a broad absorption band at 216-233 nm, corresponding to the defect site tripodal 
Ti(OH)(OSi)3. From DRUV-visible spectra, the addition of acetonitrile and cyclohexene 
enhanced the intensity and made the peak much broader. This suggests the presence of 
hydrocarbon cations on the surface of the catalysts, and probably the interaction of the 
solvent with the Ti atoms changing its coordination from tetrahedral to penta-coordinated 
E 
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titanium or even octahedral coordinated titanium. In DRUV-visible spectra, by addition of 
H2O2, the band shifted to 235-250 nm, indicating that an increase in the coordination number 
of titanium. An additional band in the range of 350-500 nm was observed after the interaction 
with H2O2 in both catalysts (Figure 3-12 (A) and (B)), but the intensity of the band is much 
lower in Na/Ti-MCM-41-10 (Figure 3-12 (D)). This broad band over H/Ti-MCM-41-10 was 
deconvoluted into two bands (Figure 3-12 (E)); attributed to superoxo-titanium (Ti(O2
-.
)) 
(Band I) at 352 nm, and hydroperoxo/peroxo-titanium (Ti(OOH)) species (Band II) at 405 nm 
[71, 172]. The intensity of band at 352 nm was higher than that of 405 nm, indicating more 
Ti(O2
-.
) was produced than Ti(OOH) species, consistent with the DRIFTS analysis that much 
more BAS were generated on the surface comparing the relative intensity of both BAS and 
LAS. It is clear that the formation of Ti(O2
-.
) species is with the cooperation of surface Si-OH 
groups. Na/Ti-MCM-41-10 has only a band at 392 nm, indicating that the formation of the 
active Ti-hydroperoxo complex after the interaction with H2O2 and the absence of Ti(O2
-.
) as 
confirmed by EPR also. The intensity of the signals due to Ti(O2
-.
) is dramatically reduced on 
addition of cyclohexene (Figure 3-10 A (d)) compared to the intensity on addition of solvent 
and H2O2 only (Figure 3-10 A (b)). Similar trend was also observed in DRUV-visible spectra 
(Figure 3-12 (B) and (C)), indicating that the Ti(O2
-.
) are consumed during the catalytic 
reaction. On neutralized Na/Ti-MCM-41-10, no obvious signal of Ti(O2
-.
) was detected after 
adding H2O2, indicating the presence of the Si-(ONa) inhibits the formation of EPR active 
Ti(O2
-.
) [33, 77, 139]. 
Parallel DRUV-visible and EPR spectroscopic investigations have provided the evidence that 
the nature of the oxo intermediates formed on contact with H2O2 depends on the intrinsic 
local structure and environment of the Ti ions. The DRUV-visible active Ti-hydroperoxo 
species and the EPR active superoxo-titanium (Ti(O2
-.
)) species could be directly detected. 
The most active species are believed to be the four-coordinated isolated Ti
IV
 sites tripodally 
bound to silica. Na/Ti-MCM-41-10 has a similar structure (both bulk and local structures) as 
H/Ti-MCM-41-10. The only difference between them is the surface acidity. H/Ti-MCM-41-
10 contained significant amount of surface acid sites prefers to generate the Ti(O2
-.
) species, 
while Na/Ti-MCM-41-10 without any acidity on surface only produced the Ti(OOH) species. 
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3.3.2 Oxidation of cyclohexene on Ti-MCM-41-10 prepared by one-pot room-
temperature direct synthesis method with different mineralizers  
The nature and the effect of surface acidic property of the catalysts on the performance of the 
epoxidation reaction were investigated on Ti-MCM-41 prepared at room temperature by 
using different mineralizers. From cyclohexene, the cyclohexene epoxide (CE) was generated 
by the epoxidation of the carbon-carbon double bond with aqueous H2O2 and the 1,2-
cyclohexanediol (Diol) was formed by hydrolysis of the epoxide ring [30]. Oxidation of the 
allylic C-H bond results in 2-cyclohexen-1-ol and 2-cyclohexen-1-one (Allylic products). 
Over-oxidation of epoxides and diols generates 2,3-epoxy-cyclohexanone, 2,3-epoxy-
cyclohexen-1-ol and 2-hydroxycyclohexanone (Others) [40]. Selective oxidation over 
titanosilicates occurs via heterolytic/homolytic cleavage of the O-O bond by 
hydroperoxo/superoxo-Ti species. The hydroperoxo/peroxo-titanium species are considered 
responsible for epoxidation, while the superoxo-titanium species are considered responsible 
for hydroxylation/oxidation reactions [171, 172].   
 
 
Scheme 3-3: Proposed mechanism for oxidation of cyclohexene. (I) cyclohexene epoxide (CE), (II) 1-2 
cyclohexanediol (Diol), (III) 2-cyclohexen-1-ol, (IV) 2-cyclohexen-1-one (Allylic product), (V) 2,3-epoxy-
cyclohexanone (Allylic product), (VI) 2,3-epoxy-cyclohexen-1-ol and (VII) 2-hydroxycyclohexanone.  
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Figure 3-13: Oxidation of cyclohexene over Ti-MCM-41 prepared with different mineralizer. Reaction 
conditions: 30 mg of catalyst, 4.5 mmol of cyclohexene, 4.5 mL of acetonitrile, 2.5 mmol of aqueous H2O2 
(30 wt%), 70 °C at 2 h. 
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Surface acidity may strongly affect the oxidation pathways [24]. The introduction of 
tetrahedral Ti into the framework of Si-MCM-41 generates weak Lewis acid sites responsible 
for enhancement of the catalytic ability of these materials as reported by Wang et al. [148]. 
Two kinds of Ti-MCM-41 samples were used in this study: one without acidity (Na/Ti-
MCM-41-10) and one with acidity (H/Ti-MCM-41-10). Na/Ti-MCM-41-10 showed much 
lower conversion (7.3%) which was about 3.6 times lower than that on H/Ti-MCM-41-10 
(Figure 3-13). Na/Ti-MCM-41-10 had no acidity confirmed by NH3-TPD and the DRIFTS 
spectra, possibly because of generate ≡Si-ONa and ≡Ti-ONa [33, 77]. Na/Ti-MCM-41-10 has 
a similar structure (both bulk and local structures) as H/Ti-MCM-41-10. The only difference 
between them is the surface acidity. According to NH3-TPD (Figure 3-8) and DRIFTS of 
ammonia adsorption (Figure 3-9), H/Ti-MCM-41-10 contained a significant amount of 
surface acid sites, while Na/Ti-MCM-41-10 does not contain any acid sites. After the 
interaction with H2O2, EPR peaks corresponding to Ti(O2
-.
) species only showed up in H/Ti-
MCM-41-10, not Na/Ti-MCM-41-10. Therefore, H/Ti-MCM-41-10 contained a significant 
amount of surface acid sites prefers to generate the Ti(O2
-.
) species, while Na/Ti-MCM-41-10 
without any acidity on surface produced only Ti(OOH) species. The absence of Ti(O2
-.
) 
species on Na/Ti-MCM-41-10 during the oxidation reaction and the large particle size 
explain the lower activity achieved on this catalyst. These results are consistent with the 
colour change of the catalysts after contacting with H2O2; the colour of H/Ti-MCM-41-10 
obviously changed from white to yellow, while there is no colour changed over Na/Ti-MCM-
41-10. The colour change indicates the formation of Ti-oxo species during the reaction [131, 
170].  
The product distribution is shown in Figure 3-13; the products from oxidation of C=C bond, 
oxidation of C-H bond and over-oxidation products. Cyclohexene was majorly converted via 
the oxidation of the allylic C-H bond resulting in allylic products with 70.2% and 66.6% (2-
cyclohexen-1-ol and 2-cyclohexen-1-one) over H/Ti-MCM-41-10 with acidity and Na/Ti-
MCM-41-10 without acidity, respectively. H/Ti-MCM-41-10 with acidity achieved slightly 
lower epoxide and diol products (30.0%) via the oxidation of carbon-carbon double bond 
than Na/Ti-MCM-41-10 with 33.4% selectivity. H/Ti-MCM-41-10 and Na/Ti-MCM-41-10 
are so different in acidity and the formation of intermediates, but the product distribution is 
similar among these catalysts. This is in agreement with the previous studies [155, 171, 172, 
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191], mesoporous titanium-containing catalysts produce more amounts of allylic products. 
Moreover, the acidity of H/Ti-MCM-41-10 may affect secondary reaction, leading to similar 
product distribution as the non-acidic Na/Ti-MCM-41-10. DRUV-visible and EPR was used 
to investigate the active site for these reaction pathways. The structure of the titanium species 
on the surface influences the scission of the O-O bond in H2O2 (homolytic vs heterolytic) 
[131]. Based on the EPR analysis (Figure 3-10) and the DRUV-visible spectra (Figure 3-12) , 
the presence of superoxo species Ti(O2
-.
), and Ti-hydroperoxo species Ti(OOH), both 
associated with framework Ti(IV) ions over H/Ti-MCM-41-10 were confirmed [187, 192]. 
The oxidation of C=C and C-H to form epoxides/diols or allylic products are competitive 
processes. Therefore, both the Ti(OOH) and Ti(O2
-.
) species are probably the reactive 
intermediates and influence the activity and selectivity in the reaction. This study implies that 
the higher performance of H/Ti-MCM-41-10 can be explained by the presence of the weak 
acidity [19] which enhances the hydrogen peroxide binding to the Ti active sites. This lead to 
the formation of the important intermediates Ti(OOH) and also Ti(O2
-.
) [193, 194], and 
lowered the activation barrier for the reactions [195]. The low catalytic activity on Na/Ti-
MCM-41 suggests that the presence of a silanol group in the neighbourhood of titanium is 
necessary for alkene oxidation activity. 
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3.3.3 Effect of Si/Ti molar ratio of Ti-MCM-41 on the performance of oxidation of 
cyclohexene  
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Figure 3-14: Oxidation of cyclohexene over Ti-MCM-41 with different Si/Ti molar ratios. Reaction 
conditions: 30 mg of catalyst, 4.5 mmol of cyclohexene, 4.5 mL of acetonitrile, 2.5 mmol of aqueous H2O2 
(30 wt%), 70 °C at 2 h. 
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For low Ti content (Si/Ti = 30, 40 and 50), the conversion of cyclohexene and selectivity 
distributions were similar as shown in Figure 3-14. When the Ti content increased to Si/Ti = 
20, the conversion dramatically increased to 14.6% (around 2 times higher than that on Si/Ti 
= 30). The major products generated over these catalysts were allylic products (around 50-
60%), and the selectivity to the epoxide was low (around 10%). The selectivity to the diol 
was around 28-36% and the selectivity to over-oxidation products (Other) was less than 5%. 
For high Ti content (Si/Ti = 10), the conversion of cyclohexene still increased from 14.6% to 
26.9% which is around 1.8 times higher than that on Si/Ti = 20. The selectivity distribution 
dramatically changed. The selectivity of the diol product dramatically dropped to 5% and the 
selectivity of allylic products and over-oxidation products increased to 70.3% and 14.9%, 
respectively.  
The physicochemical characterization studies (XRD, surface area measurements and DRUV-
visible spectrum) have confirmed the framework substitution and +4 oxidation states of Ti in 
Ti-MCM-41 samples. The most active precursor is believed to be the four-coordinated 
isolated Ti
IV
 site tripodally bound to silica [24, 130, 148]. Relation between the conversion 
over Ti-MCM-41 with different Si/Ti molar ratio showed a linear relationship. Thus, isolated, 
tetrahedral coordinated titanium sites on Ti-MCM-41 acted as the active sites. This is because 
the isolated, tetrahedral coordinated Ti sites participate in the oxygen transfer during 
oxidation reactions [19]. The selectivity of C=C oxidation products increased slightly from 
Si/Ti = 50 to Si/Ti = 20, indicating that the epoxidation pathway was favoured compared to 
the allylic oxidation. However, as Ti content was further increased to 10, possibly due to too 
many acidic sites over H/Ti-MCM-41-10 superoxo-Ti species confirmed in EPR spectra 
increased and tune the reaction pathway to the allylic oxidation reaction instead of oxidation 
of the C=C bond.  
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Figure 3-15: Oxidation of cyclohexene over Ti-MCM-41. Reaction conditions: 30 mg of catalyst, 4.5 mmol 
of cyclohexene, 4.5 mL of acetonitrile and 70 °C. 2.5 mmol of aqueous H2O2 (30 wt%) was added at each 
time interval. 
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The rate of oxidation of cyclohexene was low in the previous section, which may be due to 
the adsorption of diols onto titanium thereby blocking these sites from further reactants, as 
already reported by Eimer et al. [19]. In order to check this possible poisoning of the active 
sites, a certain amount of H2O2 was added to the reaction medium during the reaction. From 
Figure 3-15, at the first 60 min, all the catalysts have similar conversion of cyclohexene and 
selectivity of C=C oxidation products, except H/Ti-MCM-41-10. This may be due to at the 
early stage of the reaction, the amount of the Ti acts as the active sites are more important 
than the acidity. The acidity affected the secondary reactions, which leading to the difference 
in conversion and selectivity after 120 min. H/Ti-MCM-41-10, H/Ti-MCM-41-20, H/Ti-
MCM-41-40 and Na/Ti-MCM-41-10 achieved 28.5%, 15.4%, 26.7% and 42.0% after 120 
min, respectively. The conversion was much higher in regular addition of H2O2 compared to 
one-time addition of H2O2 at the beginning of the reaction only. These results indicate that 
there were active sites still available for the reaction. Low conversion in the previous section 
without extra addition of H2O2 may be because to all the H2O2 was consumed during the first 
2 hours of the reaction. H/Ti-MCM-41-10, H/Ti-MCM-41-20, H/Ti-MCM-41-40 and Na/Ti-
MCM-41-10 achieved 73%, 54%, 33% and 44% conversion after 480 min, respectively. The 
selectivity of C=C bond oxidation of products slightly decreased after longer reaction time. 
The catalysts clearly deactivated after longer reaction times. This may be due to the 
adsorption of diols onto titanium thereby blocking these sites from further reactants. The 
selectivity was higher for low titanium content catalyst, which also confirms that the 
concentration of Ti(O2
-.
) species generated influences the product distribution.  
 
3.4 Conclusions 
Homogeneous dispersion even up to high Ti content and with different mineralizers was 
attained successfully by the one-pot room-temperature direct method. All the catalysts had 
high specific surface area with narrow pore size distribution and showed highly ordered 
hexagonal structure. The most effective catalyst, H/Ti-MCM-41-10, with acidity (both BAS 
and LAS) achieved around 27% conversion of cyclohexene and 30% selectivity to C=C bond 
oxidation and 70% selectivity to the allylic oxidation products. on the other hand, Na/Ti-
MCM-41-10 had extremely low conversion of cyclohexene (7%) and 33% selectivity to C=C 
bond oxidation and 67% selectivity to allylic oxidation due to the formation of Ti-ONa and 
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Si-ONa and without acidity. The activity and the selectivity of epoxide over the H/Ti-MCM-
41 with different Si/Ti molar ratio increased as the Ti content increased. High activity was 
achieved at high Ti content as more isolated tetrahedral Ti
4+
 existed. Based on the EPR and 
DRUV-visible spectroscopy analysis, the superoxo species generated by the cooperation of 
surface OH group and Ti-hydroperoxo species were the reactive intermediates for the 
oxidation reaction. The Ti(OOH) oxidized alkene to epoxide via direct oxidation of the C=C 
bond and the superoxo species favoured the allylic oxidation reaction. Therefore, the amount 
of the isolated tetrahedral Ti sites and the relative concentration of the Ti(IV)-superoxide 
Ti(O2
-.
) and Ti(OOH) intermediates have strong influences on the activity and selectivity of 
catalysts. These structure-activity relations can control chemoselectivity in the titanosilicates 
system.  
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4. Structure-activity Correlation of Room 
Temperature Direct Synthesized/Post Synthesized 
Ti-MCM-41 using Various Ti-precursors in 
Oxidation  
 
4.1 Introduction 
The sustainable industry requires the green process for the chemical production, and Ti-
containing mesoporous materials attracts the wide research interests in catalytic oxidation 
[196] due to their high surface area, large pore size and low diffusion limitations [47, 131]. In 
general, the conventional direct preparation of mesoporous titanosilicates is the hydrothermal 
synthesis method which is carried out in an autoclave at temperature between 353 and 473 K 
up to a couple of week under autogenous pressure using a surfactant like 
cetyltrimethylammmonium hydroxide as template, tetrabutyl orthotitanate (TBOT) [44] or 
tetraethyl orthotitanate (TEOT) as Ti sources, and sodium hydroxide or ammonium 
hydroxide as the mineralizers [49, 59, 197]. The typical preparation method is as follow: an 
aqueous solution of surfactant, Si and Ti sources and mineralizer was vigorously stirred at 
278 K for hydrolysis process. Then, the mixture was transferred to an autoclave for 
crystallization for a few days followed by filtration and final calcination. The hydrothermal 
method is necessary for mesoporous materials as the silica groups of the material are poorly 
condensed at low temperature, which results in less thermally stable material than the ones 
obtained at higher temperature [197]. The major drawbacks of this method are the 
requirement of high temperature, long synthesis time [32], the risk of formation of anatase 
phase from alkanolate type of titanium sources [198, 199] and the formation of polymeric Ti-
O-Ti bond at high Ti content [154]. Corma et al. in 1994 [125] hydrothermally synthesized a 
large-pore Ti silicate isomorphous to MCM-41 with pore diameters in 28-35 Å range with Ti 
content up to 2.2 wt% using TEOT as the Ti source. The catalysts contained isolated titanium 
in tetrahedral and octahedral coordination without the generation of anatase TiO2 and the 
catalytic activity was tested in selective oxidation of liner and cyclicolefins to epoxides. 
Koyano and Tatsumi [44] developed the hydrothermal synthesis of Ti-MCM-41 using TBOT 
as the Ti source at 373 K for up to 10 days. The turnover number of the epoxidation of 
cyclododecene on Ti-MCM-41 with a particle size in the range of 0.2-0.5 µm using H2O2 as 
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the oxidant was 0.73 mol/mol-Ti. Bhaumik and Tatsumi [75] modified the surface properties 
of the hydrothermally synthesized Ti-MCM-41 using TBOT as Ti source by adding various 
organic substituents, such as methyl, vinyl, allyl, 3-chloropropyl, pentyl, and phenyl.  It was 
concluded that the alkyl group influenced the texture of the materials, but not affected its 
activity.  
Since the development of mesoporous materials, many research groups have focused on the 
development of Ti-containing mesoporous materials by modifying hydrophobicity of these 
mesoporous materials [32, 50, 75, 117, 200]. The influences of different preparation methods 
[32, 49, 59] or preparation conditions [76, 201, 202] on their structure and activity for the 
selective oxidation of large organic molecules were investigated using f tert-butyl 
hydroperoxide or dilute H2O2. There are two major new preparation methods for mesoporous 
materials; one-step room-temperature synthesis [32, 76, 201, 202]  and post-synthesis method 
[48, 154] to significantly shorten the synthesis time, to prevent the formation of Ti oxides and 
to incorporate titanium into the framework as isolated tetrahedral coordinated Ti which is 
believed to be the active site for the oxidation reaction [154]. In the one-step room-
temperature synthesis, organic or inorganic titanium precursor is directly added in the parent 
silica sol under vigorous stirring at ambient temperature for a short synthesis time followed 
by filtration, drying and finally calcination. The post-synthesis method firstly prepares the 
pure mesoporous silica materials, and then an organometallic complex or other metal 
compound of titanium is reacted with the calcined materials generated in the first step. 
Ti-MCM-41 nanoparticles of 80-160 nm diameter with short mesoporous channels and 
highly ordered hexagonal mesoporous structure was successfully prepared by using titanium 
(IV) isopropoxide (TIP) as the Ti source by a dilute solution route in sodium hydroxide 
medium at ambient temperature [76]. The catalyst achieved 36% conversion of cyclohexene 
with around 15% selectivity to epoxides using H2O2 as the oxidizing reagent. This high 
performance is due to the enhanced diffusion of the reactants in the shorter channels in the 
catalysts and the existence of high amount of isolated tetrahedral Ti active sites. In 
comparison, Ti-MCM-41 with larger particles synthesized in an ammonia aqueous solution 
achieved 29% conversion with around 10% selectivity, indicating that NH4OH medium 
favours longer micelles and NaOH medium favours shorter micelles [76, 202]. Titanium 
hexagonal mesoporous silica (HMS) was prepared using amines with alkyl chains of 10-16 
carbon atoms as templating surfactant and tetraisopropyl orthotitanate (TIPOT) as Ti source 
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soluble in both TEOS and ethanol and not rapidly hydrolysed at ambient temperature [44, 
199]. Ti-HMS has tetrahedral coordinated Ti species without TiO2 crystallites. These 
materials could be obtained within an hour and were thermally stable up to 650°C in air. 
Moreover, long alkyl chain length and hexadecylamine led to highly ordered materials as 
evidenced by the better resolution in the XRD. Wang et al. [154] prepared Ti-MCM-41 using 
TBOT as Ti source by one step synthesis and post-synthesis at room temperature. The post-
synthesis catalysts had regular hexagonal morphology along with the particle size ranging 
from 200 nm to 450 nm and pore size at 2.2 nm, while the one step synthesis samples had 
pore size of 2.7 nm and an irregular morphology with much aggregation and the particle size 
was slightly smaller than that of the post-synthesis. The post-synthesis catalysts had a higher 
conversion and selectivity in the oxidation of cis-cyclooctene due to the existence of a higher 
number of isolated tetracoordinated Ti active sites and regular nano-particles. According to 
the literatures [31, 32, 44, 49, 76, 201-203], with increasing surfactant concentration, the 
structure changed from hexagonal into cubic, and finally into lamellar. Moreover, the 
chloride-containing system favoured the hexagonal structure than the bromide-containing 
system. Different auxiliary templates affected the long-range order of the materials. 
The nature of the Ti alkoxide used in the synthesis of TS-1 and mesoporous Ti silicates 
influenced the physicochemical and catalytic properties of the material [157, 199]. TEOT was 
relatively difficult to avoid the precipitation of TiO2 during hydrolysis of TEOS/TEOT 
mixture for the synthesis of TS-1 [29, 199]. Direct addition of TBOT as Ti source to the 
solution of silicate monomers during the hydrothermal method led to the immediate and 
irreversible formation of Ti oxide species as reported by Thangaraj et al. [204]. This type of 
titanium source (the alkanolates) easily formed TiO2 or the oligomeric TiO2 species that are 
inactive in oxidation reaction [198]. Tuel and Taarit [205] reported that the nature of the Ti 
alkoxide was not a critical parameter of the synthesis when silicon ethoxide Si(OEt)4 was 
used as the silicon source. Gontier and Tuel [199] prepared Ti-HMS using TEOT, TIPOT and 
TBOT as Ti sources with Si/Ti = 100 at ambient temperature. All the samples showed similar 
Ti content, BET surface area, mean pore diameter and absence of TiO2, indicating that three 
different Ti alkoxides did not influence the properties of the final Ti-HMS products. Mihai et 
al. [157] synthesized Ti-MCM-41 using TEOT or TBOT as Ti source with Si/Ti = 15 by one-
pot hydrothermal synthesis method. Both catalysts had similar total pore volume, surface area 
and pore size, similar to Si-MCM-41 and showed similar UV-vis spectra results. Therefore, 
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no significant influence observed on the physicochemical properties of Ti-MCM-41 using 
these two Ti sources. For these catalysts, no catalytic activity tests were reported. Iglesias et 
al. [163] found different phenomena to the above conclusion. Ti-MCM-41 materials prepared 
by co-condensation of TEOS with two different Ti sources, titanocene dichloride (Cp2TiCl2) 
and TIP with different Si/Ti molar ratios had similar structure at low titanium content (Si/Ti 
≥10), but had significant influence on the structure at high titanium content (Si/Ti =5, 2 and 
1), as evidenced in surface area and pore volume. Sample prepared with TIP had low titanium 
dispersion. The use of titanocene dichloride caused the formation of Ti oxides, which was not 
observed when TIP was used. The samples prepared with titanocene dichloride had higher 
catalytic activity in the epoxidation of 1-octent and in the oxidative bromination of phenol red 
than the samples prepared with TIP. This was probably due to their lower amount of bulk 
TiO2 and higher accessibility to titanium species in these samples. Moreover, a maximum in 
the catalytic activity for intermediate titanium contents was found (Ti-MCM-41-Cp with 
Si/Ti = 40 and Ti-MCM-41-OR with Si/Ti =20).  
Currently, most researches focus on the investigation of the influence of the surfactant chain 
length, surfactant/SiO2 ratios, pH of the solution, and different types of Si sources on the 
nature and activity of the catalysts. However, there are no papers to investigate the Ti sites 
using various Ti precursors and to find out the structure-activity correlation. In this thesis, the 
one-pot room temperature direct synthesis method was applied for Ti-MCM-41 preparation 
within an hour using various precursors for a fast evaluation of their coordination and 
performance. The room temperature post synthesis method using these precursors was also 
developed. The Ti site was fully investigated by DRUV-visible and EPR spectroscopies. 
Their catalytic performance was evaluated by cyclohexene oxidation. The structure-catalysis 
correlation has been established.    
 
4.2 Experimental Section  
4.2.1 Preparation of Ti-MCM-41 with different Ti precursors  
Commercial cetyltrimethylammonium chloride, CTACl (25 wt.% in H2O), Ammonium 
hydroxide solution (28% of NH3 in H2O), sodium hydroxide (NaOH), titanium (IV) 
oxysulfate (TiOSO4.xH2O, TS), titanium (IV) isopropoxide (C12H28O4Ti, TIP), titanocene 
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dichloride (Cp2TiCl2, CT) and tetraethyl orthosilicate, TEOS (100%) were purchased from 
Sigma Aldrich. 
One-pot room-temperature direct synthesis of H/Ti-MCM-41 with Si/Ti = 10 and different 
titanium sources: 23 mL of CTACl (25 wt% in H2O) was added into 263 mL of deionized 
water. 23 mL of ammonium hydroxide solution (28% of NH3 in H2O) was added into the 
above solution under stirring. 1.79 g of TiOSO4.xH2O, TS) dissolved in 130 mL of 0.005M 
H2SO4, 3.32 mL of C12H28O4Ti, TIP, 2.79 g Cp2TiCl2, CT as a titanium source, and 23 mL of 
TEOS were slowly added into the above solution to yield a white gel with the molar ratio of 
H2O:CTACl:NH4OH:TS or TIP or CT:TEOS=216:0.17:1.61:0.11:1. The gel was stirred for 1 
h at room temperature. Ti-MCM-41 was synthesised in this period. The gel was washed with 
2 L of deionized water, dried at 353 K overnight, and finally calcined at 823 K for 4 h in air 
with a heating rate of 1 ºC/min. One-pot room-temperature direct synthesis of H/Ti-MCM-
41-10 catalysts with different titanium sources are denoted as Ti-MCM-41 (titanium source)-
D. 
Room temperature post synthesis of H/Ti-MCM-41 with Si/Ti = 10 and different titanium 
sources was obtained in two steps. 1.0 g of mesoporous silica material was prepared by the 
above room temperature direct synthesis method without titanium precursor. In the second 
step, titanium precursor was introduced. The mesoporous silica material was dispersed in 
ethanol (80 mL) by stirring. The proper amount of titanium precursors (0.28 g of 
TiOSO4.xH2O dissolved in 0.005M H2SO4, 0.5 mL of TIP or 0.44 g of Cp2TiCl2) was slowly 
added to the above suspension and was stirred overnight. The mixture was dried at 353 K 
overnight and then calcined at 573 K for 4 h in air with a heating rate of 1 ºC/min. Room 
temperature post synthesis of H/Ti-MCM-41-10 catalysts with different titanium sources are 
denoted as Ti-MCM-41(titanium source)-P. 
4.2.2 Catalysts Characterization 
Catalysts were characterized by Siemens X-Ray Diffractometer (XRD-D5000) with CuKα 
radiation operated at 40 kV and 30 mA in scan range from 1 to 70 deg with continuous 
scanning mode at a rate of 2° min
-1
. The surface area of the catalysts was measured by 
Autosorb IQ-C system according to the N2 adsorption isotherm at 77 K. The pore size 
distribution was calculated using the Barrett-Joyner-Halenda (BJH) model. The morphology 
and size of solid catalysts were observed with SEM recorded on a Hitachi S4500 FEG-SEM. 
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SEM sample preparation is done by using forceps apply a conductive carbon tab to an 
aluminium pin stub, apply a thin layer of sample onto the carbon tab, then gently blow away 
excess sample using an air duster. Diffuse reflectance UV-visible (DRUV-visible) 
spectroscopy was performed on a UV-visible spectrophotometer (Shimadzu, UV-3600 Plus) 
with the range of the wavelength from 200 to 800 nm to identify and characterize of metal 
ion coordination and its existence in framework and/or in extra-framework position of Ti-
containing mesoporous materials. The titanosilicates samples were mixed with 0.3 mL of 
acetonitrile and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all of 
three chemicals before the DRUV-visible spectra were recorded. Surface acidity was 
investigated by the temperature-programmed desorption of ammonia (NH3-TPD) on Chem 
BET TPR/TPD Chemisorption Analyzer, CBT-1, QuantaChrome instruments. Diffuse 
reflectance infrared fourier transform spectroscopy (DRIFTS) on Nicolet 6700 spectrometer 
was used to evaluate the strength and type of acid sites. Simply fill sample cup in a 
thermostat cell with KBr windows connected to a vacuum line with samples by the provided 
packing tool. The samples evacuated for 1 h at 673 K. The background spectrum was 
recorded with MCT/A detector at 673, 573, 523, 473, 423, 373 and 323 K. Afterwards, the 
sample was exposed to NH3/He mixture at 323 K for 30 min, and then purged with N2 for 20 
min to remove the physical adsorption of NH3. The IR spectrum for each sample was 
obtained after NH3 desorption at 323, 373, 423, 473, 523, 573 and 673 K. Scan range, 
resolution and scan were 4000 – 650 cm-1, 4 cm-1 and 64, respectively. The difference 
spectrum was obtained finally by subtracting the background spectrum recorded previously. 
Elemental analysis of Ti was perfromed by inductiviely coupled plasma-optical emisssion 
spectometer (ICP-OES) using Varian 720-ES. EPR spectra were measured at 120 K using 
Bruker EMX spectrometer operating at X band frequency and 9.4 GHz field modulation. 
Before taking the EPR measurements, the samples were activated in air at 353K overnight. 20 
mg of samples were mixed with 0.3 mL of acetonitrile and 0.08 mL H2O2 or 0.03 mL of 
cyclohexene and 0.3 mL of acetonitrile or these three chemicals. The sample tubes were 
cooled in liquid nitrogen before the measurement. 
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4.2.3 Oxidation of cyclohexene  
30 mg of the catalyst was transferred into a pressure vial. 0.46 mL (4.5 mmol) of cyclohexene 
and 4.5 mL of acetonitrile were injected into the reactor. Then 0.2 mL (2.5 mmol) of aqueous 
H2O2 (30 wt%) was added into the reactor. The reaction mixture was carried out at 70 °C 
under vigorous stirring for 2 h or specific times. The products with chlorobenzene as internal 
standard were quantified with gas chromatograph GC-2010 Plus (Shimadzu) with the flame-
ionization detector and Rtx-5 column (30 m*0.32 mm*0.3 µm). The products were identified 
by a GC-MS-QP2010 Ultra (Shimadzu) equipped with a VF-WAXMS column (30 m×0.25 
mm×0.25 µm). 
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4.3 Results and Discussion  
4.3.1 Characterizations 
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Figure 4-1: X-ray diffraction pattern of (A) room-temperature direct synthesis of Ti-MCM-41: a) pure 
MCM-41; b) Ti-MCM-41(TS)-D; c) Ti-MCM-41(CT)-D; d)Ti-MCM-41(TIP)-D and (B) room-
temperature post synthesis of Ti-MCM-41: a) pure MCM-41; b) Ti-MCM-41(TS)-P; c) Ti-MCM-41(CT)-
P; d)Ti-MCM-41(TIP)-P. 
A  
B  
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The X-ray powder diffraction patterns of room temperature direct synthesized and post 
synthesized Ti-MCM-41catalysts using three different titanium precursors are shown in 
Figure 4-1 A and B. One main reflection peak corresponding to (100) plane at a low angle 
around 2.0-2.5° and two additional small peaks (110 and 200) in the 2θ range from 4.0º to 
5.0º are observed, which is a characteristic of MCM-41 [31]. The main reflection peak d100 of 
all the Ti-MCM-41 catalysts slightly shifted towards lower diffraction angle, suggesting that 
probably the titanium was incorporated into framework [30]. For the direct synthesis, only 
Ti-MCM-41 (TIP)-D showed the highly ordered hexagonal channel structure. The disordered 
mesoporous structure was observed on Ti-MCM-41 (TS)-D and Ti-MCM-41 (CT)-D. All the 
post synthesized Ti-MCM-41 catalysts showed an intense d100 peak, indicating a periodicity 
in the pores and a highly ordered hexagonal channel structure [154]. Furthermore, from the 
inset figures, a broad peak at 2θ of 25° revealed the amorphous nature of silica. There were 
no other peaks in the high angle diffraction patterns, indicating that crystalline titania was not 
formed [30]. Thus the titanium might be incorporated into framework for both direct and post 
synthesis [154].  
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Figure 4-2: N2 isotherms (A) and pore size distribution (B) of Ti-MCM-41 prepared by room-temperature 
direct synthesis : a) pure MCM-41; b) Ti-MCM-41(TS)-D; c) Ti-MCM-41(CT)-D; d)Ti-MCM-41(TIP)-D 
and N2 isotherms (C) and pore size distribution (D) of Ti-MCM-41 prepared by room-temperature post 
synthesis : a) pure MCM-41; b) Ti-MCM-41(TS)-P; c) Ti-MCM-41(CT)-P; d)Ti-MCM-41(TIP)-P. 
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The nitrogen adsorption/desorption isotherms with their corresponding BJH pore size 
distribution of the catalysts are shown in Figure 4-2. N2 sorption results gave the typical type 
IV isotherms [31] and confirmed the presence of mesoporous structure. The directly 
synthesized catalysts had a narrow and uniform pore size distribution in the range of 2.4–2.8 
nm and a uniform pore size of 2.5 nm for all the post synthesized catalysts. Therefore, all 
catalysts have similar pore structure and high diffusion can be expected. The corresponding 
physical parameters of calcined Ti-MCM-41 are summarized in Table 4-1. All the samples 
showed high BET surface areas (> 660 m
2
/g). Addition of titanium resulted in the 
enlargement of the unit cell size and disorder the geometry around Ti
4+ 
from an ideal Td of 
Ti-MCM-41 as the differences in the ionic radii of Ti
4+ 
(0.68 Å) and Si
4+
 (0.41Å) [157, 170, 
189, 199], as evidence for the incorporation of titanium into Ti-MCM-41 which consistent 
with the XRD patterns [31]. The XRD patterns and the high BET surface areas confirm of the 
direct synthesis Ti-MCM-41 (TIP)-D confirm that the long ordered mesoporous materials 
contributed to the high surface area. For post synthesized samples, they still kept long ordered 
mesoporous structure. The titanium content was determined by inductively coupled plasma 
emission spectroscopy shown in Table 4-1. The Ti content on all these catalysts is around 7 
wt %.  
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Table 4-1: Textural properties of direct and post synthesis of Ti-MCM-41 
Sample 
(Ti/Si = 0.10) 
A 
(m
2
/g)
a
 
V 
(cm
3
/g)
a
 
d 
(nm)
a
 
d
100
 
(nm)
b
 
a
0
 
(nm)
c
 
Wall 
thickness 
(nm)
d
 
Ti content 
(wt%)
e
 
Si/Ti 
(molar 
ratio)
e
 
Pure MCM-41 1036 0.83 2.45 3.45 3.98 1.53 0.0 -- 
Ti-MCM-41(TS)-
D 
944 0.87 2.45 4.00 4.62 2.17 6.9 10.7 
Ti-MCM-41(CT)-
D 
1036 1.13 2.74 3.99 4.60 1.86 7.0 10.1 
Ti-MCM-41(TIP)-
D 
1181 0.95 2.46 3.62 4.17 1.71 7.0 10.1 
Ti-MCM-41(TS)-
P 
745 0.66 2.46 3.82 4.41 1.95 7.1 14.2 
Ti-MCM-41(CT)-
P 
1088 0.66 2.45 3.84 4.43 1.98 7.2 10.0 
Ti-MCM-41(TIP)-
P 
976 0.77 2.45 3.82 4.41 1.96 7.7 8.9 
a 
Specific surface area (A), total pore volume (V), and average pore size (d) were determined by N2 adsorption-
desorption isotherm
 
b 
The interplanar distance d100 was obtained by the Bragg Law (2d sinθ= λ, where λ=0.15406 nm ) 
c 
The hexagonal unit cell parameter, 3/2 1000 da   
d 
The wall thickness was estimated by
 
da 0
 
e 
Elemental analysis by inductively coupled plasma (ICP) spectroscopy.  
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Figure 4-3: SEM images of direct synthesis of Ti-MCM-41: a) Ti-MCM-41(TS)-D; b) Ti-MCM-41(CT)-D; 
c) Ti-MCM-41(TIP)-D and post synthesis of Ti-MCM-41: d) Ti-MCM-41(TS)-P; e) Ti-MCM-41(CT)-P; f) 
Ti-MCM-41(TIP)-P. 
From the SEM images, Si-MCM-41 had non-uniform particle sizes with dominant particle 
size distribution around 50-100 nm and small amount of large particles around 1 μm. Ti-
MCM-41 (TS)-D and Ti-MCM-41 (CT)-D had a regular round particle with a particle size 
ranging from 20 to 50 nm (Figure 4-3 b and c). This indicates that the incorporation of 
titanium into the silicate framework stabilise the particle size distribution. Ti-MCM-41 (TIP)-
D catalyst had a wide range of particle size from 200 to 600 nm. The disordered structure 
caused the smaller particles and long ordered mesoporous structure resulted in the round and 
larger particles for Ti-MCM-41(TIP)-D. In contrast, all the post synthesized Ti-MCM-41 
demonstrated a rod-shaped morphology with much aggregation to form large particle size 
ranging from 400 to 600 nm. The different Ti precursors in direct synthesis method 
influenced the order of the structure and the particle size. The mesoporous materials with 
similar particle size and physical structure were successfully synthesised in the post synthesis 
method.  
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Figure 4-4: DRUV-visible spectra of (A) Ti-MCM-41 prepared by room-temperature direct synthesis : a) 
Ti-MCM-41(TS)-D; b) Ti-MCM-41(CT)-D; c) Ti-MCM-41(TIP)-D and (B) Ti-MCM-41 prepared by 
room temperature post synthesis : a) Ti-MCM-41(TS)-P; b) Ti-MCM-41(CT)-P; c) Ti-MCM-41(TIP)-P. 
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DRUV-Vis spectroscopy is one of the most common techniques for the characterization of 
the coordination environment of Ti present in the mesoporous structure [154, 157]. All the 
samples except Ti-MCM-41(TIP)-D showed intense bands in the 210-230 nm range 
attributed to the charge transfer from oxygen atoms to Ti
4+
 (a ligand-to-metal charge-transfer) 
[163, 206, 207]. For Ti-MCM-41, the tetrapodal Ti shows a characteristic UV-band at around 
210 nm and the tripodal Ti shows the band at 220 nm [155, 163, 208]. This confirms the 
tetrahedral coordinated Ti (IV) in the structure [209], indicating good incorporation of Ti
4+
 
into the silica network [154, 163]. Ti-MCM-41(CT)-D had sharper absorption band at 216 
nm with a narrow shoulder in the range of 260-300 nm. On the other hand, Ti-MCM-
41(TIP)-D had a much broader band with lower intensity in the range of 200-300 nm. This is 
possibly a consequence of the presence of relatively higher amount of Ti species in a penta- 
and octahedral coordination [31, 210], in which ligands such as H2O are attached to Ti [45, 
154, 159, 163] and/or Ti polymeric species [157, 163, 199]. All the post synthesized Ti-
MCM-41 catalysts possessed an intense band at around 225 nm, correlated with the presence 
of a very good dispersion of Ti
4+
 in the silica network. The DRUV-Vis spectra of all the Ti-
MCM-41 samples showed no peak at about 330 nm and 400 nm, indicating that no bulk 
anatase and rutile were present [45, 131, 209], consistent with the XRD results. Therefore, Ti 
sources used in the direct synthesis of mesoporous materials gave significant differences 
(XRD patterns, DRUV-visible spectra and particle size) regarding to the final configuration. 
However, Ti-MCM-41 have similar XRD patterns in small angle, pore volume, pore size and 
particle size, high surface area and similar DRUV-visible spectra. Thus, no large effect of Ti 
sources during the post synthesis on physicochemical properties was observed. 
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Figure 4-5: EPR spectra of (A) fresh Ti-MCM-41 prepared by room-temperature direct synthesis : a) Ti-
MCM-41(TS)-D; b) Ti-MCM-41(CT)-D; c) Ti-MCM-41(TIP)-D and (B) fresh Ti-MCM-41 prepared by 
room temperature post synthesis : a) Ti-MCM-41(TS)-P; b) Ti-MCM-41(CT)-P; c) Ti-MCM-41(TIP)-P. 
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EPR study is useful to investigate the nature of the oxo intermediates formed on the contact 
with hydrogen peroxide because EPR spectra are dependent on the intrinsic local structure 
and environment of the Ti ions [131]. Most common oxidation state of Ti (Ti
4+
, 3d
0
) is EPR 
silent, while Ti
3+
 (3d
1
) by reduction or by irradiation by gamma-/UV-rays is EPR active [131, 
169]. According to the literatures [174, 183, 184], it is well known that on a pure silicate or 
anatase  contacted with H2O2, no EPR signal is observed, indicating that for Ti-MCM-41, the 
formed radicals involve titanium. On addition of aqueous H2O2, three different reactive oxo-
titanium species, namely hydroperoxo-, peroxo-, and superoxo-titanium, are reported in 
titanosilicates materials. The former two species are EPR diamagnetic and the last one is EPR 
paramagnetic [171, 172]. Different superoxo-titanium species Ti(O2
-.
) with different gzz value 
can be generated over Ti-MCM-41 depending on the different titanosilicates structures [173]. 
The signal with gzz < 2 is characteristic of Ti(O2
-.
) stabilized on Ti
3+
atoms in Ti-MCM-41 
under illumination or by hydrogen reduction [211]. There are two types of Ti(O2
-.
) species 
arising from Ti(OSi)4 and Ti(OH)(OSi)3 sites with gzz at 2.028 and 2.024, respectively, with 
the same gyy and gxx confirming that Ti is present as isolated, tetrahedral Ti
4+
 ions [171-174]. 
The weak signal with g = 2.012 due to V centres (Si-O-Si unit of the framework) [206, 212] 
or vacancy [213, 214] are reported in [Si]MCM-41 after exposure to γ-irradiation. This weak 
signal was absent in both Ti-MCM-41(TS)-D and Ti-MCM-41(TS)-P. Ti-MCM-41 catalysts 
did not show any significant EPR signals, thus the Ti is most likely in a Ti(IV) oxidation state 
which is EPR silent [206]. 
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Figure 4-6: NH3-TPD of direct and post synthesis of Ti-MCM-41: a) Ti-MCM-41(TS)-D; b) Ti-MCM-
41(CT)-D; c) Ti-MCM-41(TIP)-D ; d) Ti-MCM-41(TS)-P; e) Ti-MCM-41(CT)-P; f) Ti-MCM-41(TIP)-P. 
Conditions: Adsorption temperature of gas mixture of NH3/He is at 100 °C for 30 min. The samples were 
evacuated of ammonia molecules weakly adsorbed at 100 °C for 1 h; the TPD plot from 100 °C to 900 °C 
was obtained at a heating rate of 10 °C /min. 
 
The type and the strength of acid sites were examined by NH3-TPD analysis. The weak Lewis 
acid sites (LAS) have a band at 448 K [153]. The weak Brønsted acid sites (BAS) are at 393 
K, while medium-strength Brønsted acid sites are at 673 K [215]. The overlap of both Lewis 
and Brønsted acid sites with weak acidic strength is present at 489-497 K [176]. Moreover, 
the NH3 desorption maximum peak (Tm) indicates the relative strength of the acidic sites, 
higher Tm means the stronger the acid sites. The results of NH3-TPD of the catalysts are 
shown in the temperature range of 373-873
 
K as in Figure 4-6. Ti-MCM-41(TS)-D have three 
peaks at 450 K assigned to Lewis acid sites [153], at 492 K containing both weak Lewis and 
Brønsted acid sites and at 514 K. All the peaks are in the low temperature region (below 673 
K) [177]. Ti-MCM-41(CT)-D had only one major peak at 484 K, which is associated with 
both Lewis and Brønsted acid sites with weak acidic strength. Ti-MCM-41(TIP)-D showed 
peaks in the range of 481-510 K, indicating the presence of both Lewis and Brønsted acid 
sites with weak acidic strength. Ti-MCM-41(TS)-P had peaks in the range of 481-527 K and 
614-675 K, corresponding to the overlap of both Lewis and Brønsted acid sites with weak 
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acidic strength and medium-strength Brønsted acid sites, respectively. Ti-MCM-41(CT)-P 
had two peaks at 487 and 504 K and Ti-MCM-41(TIP)-P had two peaks at 486 and 513K. 
Therefore, all the catalysts had weakly acidic LAS and BAS as all of those peaks appeared in 
the low temperature range (423-525 K) except Ti-MCM-41(TS)-P with weak LAS and 
medium-strength BAS. The total amounts of the acidic sites calculated based on the area of 
the peaks are shown in Table 2. The order of amount of acid sites was as follows: Ti-MCM-
41(TS)-P, 0.30 mmol/g > Ti-MCM-41(CT)-P, 0.20 mmol/g > Ti-MCM-41(TIP)-P, 0.14 
mmol/g > Ti-MCM-41(CT)-D, 0.12 mmol/g > Ti-MCM-41(TS)-D, 0.09 mmol/g > Ti-MCM-
41(TIP)-D, 0.07 mmol/g. According to XRD patterns, BET analysis, DRUV-visible spectra 
and SEM /TEM images, all the post synthesis Ti-MCM-41 had similar physicochemical 
properties irrespective of Ti sources. However, the acidity of these three catalysts were 
significant different, and this may lead to different activity for oxidations.   
 
Table 4-2: Amount of surface acid sites of Ti-MCM-41 prepared by direct and post synthesis as 
determined by NH3-TPD and the L/B relative distribution by DRIFTS. 
Catalyst Number of acid sites 
(mmol/g)
a
 
L/B(-)
b 
Band II/Band I
c
 
Ti-MCM-41(TS)-D 0.09 0.68 0.41 
Ti-MCM-41(CT)-D 0.12 0.92 0.63 
Ti-MCM-41(TIP)-D 0.07 0.50 0.16 
Ti-MCM-41(TS)-P 0.30 0.18 2.72 
Ti-MCM-41(CT)-P 0.20 1.11 0.40 
Ti-MCM-41(TIP)-P 0.14 0.70 0.22 
         a 
Number of acid sites obtained from NH3-TPD spectra 
 
         b 
L/B (a ratio of Lewis acid sites to Brønsted acid sites) obtained from DRIFTS spectra 
        c
 the ratio of Ti(OOH)/TiO2
-.
 was estimated by the area of DRUV-visible bands (II and I) 
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Figure 4-7: DRIFTS spectra of (A) direct synthesis Ti-MCM-41: a) Ti-MCM-41(TS)-D; b) Ti-MCM-
41(CT)-D; c) Ti-MCM-41(TIP)-D ; and (B) post synthesis Ti-MCM-41: a) Ti-MCM-41(TS)-P; b) Ti-
MCM-41(CT)-P; c) Ti-MCM-41(TIP)-P. 
B  
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Based on the literature, most of the studies mentioned that the acidity has a strong effect on 
the activity of the catalysts. DRIFTS of NH3 adsorbed on catalysts is used to analyse the 
strength and nature of acid site, aprotic (Lewis) and protonic (Brønsted) acid sites on the Ti-
MCM-41 surface [19], as well as the coordination of titanium sites in the Ti-MCM-41 [179]. 
From the DRIFTS spectra (Figure 4-7 A), the band at 1608 cm
-1
 can be assigned to NH3 
adsorbed on Ti Lewis acid sites [179]. The incorporation of titanium into the silica 
framework generates Lewis acid sites [19, 216] which are mainly attributed to the tetrahedral 
coordinated framework Ti
4+ 
sites confirmed by DRUV-Vis spectroscopy [19]. The band at 
1446 cm
-1
 can be assigned to the NH4
+
 species. Incorporation of titanium gives rise to a small 
amount of Brønsted acid sites on the surface [19, 216] due to Ti
4+
 ions in the vicinity of the 
silanol groups existent in the structure [19]. The relative intensity of the IR bands among the 
catalysts indicates easier accessibility of the adsorbate molecules to the Ti sites [217, 218]. 
The order of the intensity of band at 1608 cm
-1
 assigned to Ti Lewis acid sites was Ti-MCM-
41 (CT)-D > Ti-MCM-41 (TS)-D ≈ Ti-MCM-41 (TIP)-D. While the order of the intensity of 
band 1446 cm
-1
 related to the NH4
+
 species was Ti-MCM-41 (TIP)-D > Ti-MCM-41 (CT)-D > 
Ti-MCM-41 (TS)-D. From Figure 4-7 B, the Ti-MCM-41(TIP)-P had lower absorbance 
bands at both positions compared to Ti-MCM-41 (CT)-P. The band at 1446 cm
-1
 was 
significantly higher over Ti-MCM-41 (TS)-P than those over the other two post synthesis 
catalysts as confirmed in NH3-TPD analysis. Furthermore, the number of Lewis and Brønsted 
acid sites can be estimated from the relative intensities of the corresponding bands [131, 219]. 
The relative distribution of Lewis acid sites or Bronsted acid sites of the catalysts were 
determined from the relative intensity of the corresponding bands (Lewis acid site: 1608 cm
-1
 
and Bronsted acid site: 1462 cm
-1
) in the IR spectra [219, 220]. The integrated molar 
extinction coefficients for infrared absorption bands of ammonia for both acid sites are 
assumed similar. The total amount of the acid sites obtained from NH3-TPD, the numbers of 
Lewis and Bronsted acid sites were estimated by the relationship of total amount of the acid 
sites and the relative intensity of the Lewis and Bronsted acid sites IR band. The relative ratio 
of the concentration of Lewis to Brønsted acid sites of all the catalysts are summarized in 
Table 4-2.  Based on the acidity characterization analysis, the Ti-mesoporous materials with 
different structure in direct synthesis method and similar structure in post synthesis method 
prepared using various Ti sources had significant differences in the acidic properties (the 
strength and the amount of the acid sites) over these catalysts and thus the different catalytic 
activity for the oxidations would be expected.  
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Figure 4-8: EPR spectra of direct and post synthesis Ti-MCM-41 prepared with different Ti precursors 
under different conditions: a) catalyst only; b) hydrogen peroxide and acetonitrile; c) cyclohexene and 
acetonitrile; and d) hydrogen peroxide, acetonitrile and cyclohexene. Conditions: 20 mg of samples were 
mixed with 0.3 mL of acetonitrile and 0.08 mL H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile 
or these three chemicals 
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EPR spectroscopy is a powerful tool to directly study the formation of catalytically active 
oxo-titanium radical ions [175, 190]. The physicochemical characterization studies (XRD, 
BET and DRUV-visible) have confirmed the incorporation of Ti into framework and the +4 
oxidation state of Ti. The isolated tetrahedral Ti
4+
 centres can activate H2O2 and yield Ti 
(IV)-superoxide, Ti(O2
-.
), and Ti(IV)-hydroperoxide/peroxide species, Ti(OOH). The former 
is paramagnetic while the latter is diamagnetic, respectively [183, 187, 190]. The catalyst 
contacted with cyclohexene/cyclohexane could not produce an EPR signal [184]. On contact 
with 30% H2O2 (Figure 4-8 A, B, E and F (b)), Ti-MCM-41 catalysts exhibited EPR signals 
with gzz = 2.024, gyy= 2.009 and gxx = 2.004. This suggests the formation of the superoxide 
O2
-
 species located on framework Ti sites. The Ti(IV)-superoxo radical species Ti(O2
-.
) with 
gzz = 2.024 indicates the geometry of titanium expands from tetra- to penta-coordination [170, 
183, 187] arising from the open tripodal Ti(OH)(OSi)3 sites [167, 171, 187-189]. For Ti-
MCM-41(TIP)-D (Figure 4-8 C (b)), the gzz = 2.026, gyy= 2.009 and gxx = 2.004, shifted from 
2.024 to 2.026, indicated Ti(O2
-.
) stabilized on different Ti local structure, possibly on the 
octahedral Ti species, as this catalyst had relatively higher amount of Ti species in a penta- 
and octahedral coordination sphere (DRUV-visible spectra) [187]. For Ti-MCM-41(TS)-P 
(Figure 4-8 D (b)), the peak at gzz = 2.026 shifted to gzz = 2.016. Ti
3+
 ions generated Ti(O2
-.
) 
species possibly due to the presence of medium strength Brønsted acid sites confirmed by 
NH3-TPD analysis. For Ti-MCM-41(CT)-D and Ti-MCM-41(CT)-P (Figure 4-8 B and E (b)), 
the additional signal with gzz = 1.982 and gzz = 1.992 can be attributed to  Ti(O2
-.
) species by 
Ti
3+
 ions in good agreement with previous reports [183, 192, 206]. In EPR study, the 
intensity of the signal over Ti-MCM-41(TS)-D, Ti-MCM-41(CT)-P and Ti-MCM-41(TIP)-P 
(Figure 4-8 A, D and E (d)) due to Ti(O2
-.
) was dramatically reduced on the addition of 
cyclohexene compared to the intensity on the addition of solvent and H2O2. The EPR signals 
over Ti-MCM-41(CT)-D, Ti-MCM-41(TIP)-D and Ti-MCM-41(TS)-P with gzz = 2.024 and 
gzz = 2.016, disappeared (Figure 4-8 B, C and D (d)). When cyclohexene was dropped into 
the catalysts with H2O2, the peak from superoxide O2
-
 species on the framework Ti 
disappeared or lowered its intensity. In comparison, the synthesized catalysts contacted with 
cyclohexene and acetonitrile only (Figure 4-8 A-F (c)) revealed that all the titanium ions were 
present in the +4 oxidation state in the framework structure [190]. The addition of 
cyclohexene only slightly enhanced the intensity of the peak with gzz = 2.012 corresponding 
to the V centre. 
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Figure 4-9: DRUV-visible spectra of direct and post synthesis Ti-MCM-41 prepared with different Ti 
sources under different conditions (A-1 to F-1); the catalysts interacted with hydrogen peroxide and 
acetonitrile only (G and H); and the simulation of deconvoluted bands for the catalysts interacted with 
hydrogen peroxide and acetonitrile only (A-2 to F-2). Conditions: 0.3 mL of acetonitrile and 0.08 mL 
H2O2 or 0.03 mL of cyclohexene and 0.3 mL of acetonitrile or all these three chemicals. 
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DRUV-visible spectroscopy studies on the Ti-containing mesoporous materials were carried 
out to further confirm the existence of the superoxo- and/or hydroperoxo/peroxo-titanium 
species in contact with aqueous H2O2 [172]. DRUV-visible spectra (Figure 4-9, A1-F1) 
obtained in the presence of H2O2 clearly showed the formation of a broad band which can be 
deconvoluted into two bands attributed to superoxo-titanium (Ti(O2
-.
)) (Band I) at 350-380 
nm and hydroperoxo/peroxo-titanium (Ti(OOH)) species (Band II) at around 405-460 nm, 
respectively [172]. A dramatic modification of the spectral features was observed in Ti-
MCM-41 (TS)-P (Figure 4-9, D). A strong peak at 350-450 nm clearly appeared, which 
confers to the catalyst with typical orange colour compared to other catalysts with yellow 
colour. This band has been ascribed to the charge transfer from hydroperoxo or the peroxo 
ligand to Ti (IV) site of the catalyst [170, 221]. According to acidity analysis by NH3-TPD 
and DRIFTS results, Ti-MCM-41 (TS)-P had a significant amount of medium strength BAS 
and generated the Ti(OOH) species on contact with H2O2. By comparing the intensity of 
Band I and Band II (Figure 4-9, A-, B-, C-, D-, E- and F-2), these results suggest that all the 
catalysts generated predominantly the Ti(O2
-.
) except Ti-MCM-41 (TS)-P in which Ti(OOH) 
was dominant. The ratio of Ti(OOH)/ Ti(O2
-.
) in these catalysts was estimated by the area of 
the DRUV-visible bands (II and I) as shown in Table 4-2 [172]. From DRUV-visible spectra, 
the addition of the cyclohexene to the catalysts with H2O2, the intensity was lower and the 
peak shifted to the lower wavelength. These observations indicate that the Ti(O2
-.
) are 
perhaps consumed during the addition of cyclohexene. The DRUV-visible spectra (Figure 4-9, 
A1-F1) obtained in the presence of cyclohexene are clear indication of the propensity of Ti to 
increase its coordination number from tetrahedral to penta-coordinated titanium or even 
octahedral coordinated titanium complexes in the presence of ligands [170, 222], suggesting 
that the presence of hydrocarbon cations on the surface of the catalysts. 
 
4.3.2 Effect of one-pot room-temperature synthesis Ti-MCM-41(Ti/Si = 0.1) prepared 
with different titanium precursors on the performance of oxidation of 
cyclohexene  
 
The local structure and coordination of Ti(IV) sites in mesoporous titanosilicates is important 
for the catalytic reaction [191]. The catalytic activity of Ti-MCM-41 in oxidation reaction, 
especially the selectivity, is a consequence of the acidity and the titanium superoxo and 
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hydroperoxo species on their surface during the catalytic reaction [169]. In order to 
investigate the activity of the synthesized catalysts, the oxidation of cyclohexene using 
H2O2 as the oxidant was used as the target reaction for this research.  
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Figure 4-10: Oxidation of cyclohexene over direct synthesis Ti-MCM-41. Reaction conditions: 30 mg of 
catalyst, 4.5 mmol of cyclohexene, 4.5 mL of acetonitrile, 2.5 mmol of aqueous H2O2 (30 wt.%), 70 °C at 2 
h. 
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The catalytic performances are shown in Figure 4-10. Ti-MCM-41(CT)-D and Ti-MCM-
41(TS)-D catalysts achieved higher conversion of cyclohexene (~ 27%) than Ti-MCM-
41(TIP)-D (~15%). The order of the conversion of cyclohexene over the direct synthesized 
catalysts was: Ti-MCM-41(TS)-D ≈ Ti-MCM-41(CT)-D » Ti-MCM-41(TIP)-D. As the same 
order of the intense bands in the DRUV-visible spectra was observed, the conversion is 
proportional to the amount of isolated tetrahedral Ti species. The formation of oxygen-
donating titanium peroxo complexes, arising from attack of hydroperoxides on the isolated 
tetrahedral Ti
4+
 species shown in DRUV-visible spectra are already reported as the active 
sites in the literatures [19, 70, 145, 210]. The low conversion over Ti-MCM-41(TIP)-D is due 
to the formation of high amount of Ti species in a penta- and octahedral coordination sphere 
[136]. Ti-MCM-41 (TS)-D and Ti-MCM-41 (CT)-D had a regular round particle with a 
particle size ranging from 20 to 50 nm (Figure 4-3 a and b), while Ti-MCM-41 (TIP)-D 
catalysts had a wide range of particle size from 200 to 600 nm (Figure 4-3 c). Acidity 
measurement by NH3-TPD revealed that the tetrahedral Ti
4+
 species gave weak Lewis acid 
sites. From the EPR and DRUV-visible spectra analyse, the isolated tetrahedral titanium sites 
activated H2O2 and yielded Ti(OOH) and Ti(O2
-.
) species. The Ti(O2
-.
) species were stabilized 
on tetrahedral Ti sites for both Ti-MCM-41(TS)-D and Ti-MCM-41(CT)-D. While the Ti(O2
-.
) 
species were stabilized on a small amount of tetrahedral Ti sites for Ti-MCM-41(TIP)-D only 
as the dominant Ti sites are in octahedral Ti sites. From Figure 4-11 A, increasing the total 
amount of acid sites in these catalysts, the relative concentration of Ti(OOH) to Ti(O2
-.
) also 
increases. The total amount of acid sites in these catalysts is linear correlated with the relative 
concentration of Ti(OOH) to Ti(O2
-.
). The relationship between conversion and the total 
amount of acid sites and the relative concentration of Ti(OOH) to Ti(O2
-.
) is show in Figure 
4-11 B. Higher amount of the acid sites achieved higher conversion. Similar trend is observed 
for the correlation of conversion of cyclohexene with the relative concentration of Ti(OOH) 
to Ti(O2
-.
). Based on the above results, we can conclude that conversion is correlated with 
acidity and the relative concentration of Ti(OOH) to Ti(O2
-.
).  
The selectivity of epoxide was lower over Ti-MCM-41(TS)-D (9.8%) compared to Ti-MCM-
41(CT)-D (18.5%), while Ti-MCM-41(TIP)-D had the lowest selectivity (4.6%). The major 
products for all the catalysts were allylic oxidation products (~52-81%) with small number of 
diols (~3-7%) and over-oxidation products (~10-22%). The selectivity to the products 
obtained via the oxidation of C=C was 29.8%, 47.2% and 18.6% to Ti-MCM-41(TS)-D, Ti-
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MCM-41(CT)-D and Ti-MCM-41(TIP)-D, respectively. Increasing the total amount of acid 
sites in these catalysts (Figure 4-11 C) is responsible for the high selectivity to the products 
obtained via the oxidation of C=C. An attempt was made to correlate the relative 
concentration of Ti(OOH) to Ti(O2
-.
) and in the various Ti-MCM-41 catalysts with their 
chemoselectivites in oxidations (Figure 4-11 D). Higher the relative concentration of Ti(OOH) 
to Ti(O2
-.
) has higher selectivity to C=C oxidation products. These results indicate that the 
acidity of the catalysts played an important role for enhancing the catalytic performance in 
the direct oxidation to epoxide. The order of the relative concentration of the Ti(OOH)/Ti 
(O2
-.
) of these catalysts was Ti-MCM-41(CT)-D > Ti-MCM-41(TS)-D > Ti-MCM-41(TIP)-D. 
Hence, the activity of the catalysts and the selectivity to C=C oxidation products depend on 
the acidity of the catalysts. The formation of Ti(O2
-.
) favours the oxidation of allylic C-H 
bond while the Ti(OOH) drives the direct oxidation of C=C bond.  
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Figure 4-11: Correlation between A) Ti(OOH)/Ti(O2
-.
) species vs amount of acid sites; B) Ti(OOH)/Ti(O2
-.
) 
species and amount of acid sites vs conversion; C) selectivity of C=C oxidation products vs amount of acid 
sites; and D) selectivity of C=C oxidation products vs Ti(OOH)/Ti(O2
-.
) species.  
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4.3.3 Effect of post synthesis Ti-MCM-41 (Si/Ti =10) on the performance of oxidation 
of cyclohexene  
 
To eliminate the effect of the physical properties on the activity of the catalysts, the post 
synthesis with controlled particle size was introduced in this research. The physicochemical 
characterization studies (XRD, surface area measurements, SEM and DRUV-visible 
spectroscopy) confirmed that Ti-MCM-41 prepared by the post synthesis with various 
precursors, had similar textural features, similar particle size (400-600 nm) and the 
framework substitution and +4 oxidation state of Ti.  
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Figure 4-12: Conversion of cyclohexene and the selectivity to epoxide over room temperature post 
synthesis Ti-MCM-41. Reaction conditions: 30 mg of the catalyst, 4.5 mmol of cyclohexene, 4.5 mL of 
acetonitrile, 2.5 mmol of aqueous H2O2 (30 wt%), 70 °C and 2 h.  
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Figure 4-12 shows that all the well-defined post synthesized mesoporous materials had the 
activity of about 30-33% conversion of cyclohexene, which were higher than those of the 
direct synthesized ones. Post synthesized catalysts possessed a high intensity of the band in 
DRUV-visible spectra, resulting in high amount of the framework Ti
4+
 species. The 
incorporation of titanium into the silica framework generated the weak Lewis acid sites (LAS) 
of Ti-MCM-41, which evidenced by the NH3 adsorption-desorption measurement followed 
by the DRIFTS analysis. The post synthesis Ti-MCM-41 possessed more isolated tetra-
coordinated Ti active site which facilitates higher activity for the reaction.  
The selectivity of epoxide was slightly lower over Ti-MCM-41(TIP)-P (10%) compared to 
Ti-MCM-41(TS)-P and Ti-MCM-41(CT)-P both were 16%. The major products for all the 
catalysts were allylic oxidation products (~44-63%) with small number of diols (~5-7%) and 
over-oxidation products (~20-33%). The selectivity to the products obtained via the oxidation 
of C=C was 56%, 51% and 37% to Ti-MCM-41(TS)-P, Ti-MCM-41(CT)-P and Ti-MCM-
41(TIP)-P, respectively. Increasing the total amount of acid sites in these catalysts (Figure 
4-13 A) is responsible for the high selectivity to the products obtained via the oxidation of 
C=C. An attempt was made to correlate the relative concentration of Ti(OOH) to Ti(O2
-.
) and 
in the various Ti-MCM-41 catalysts with their chemoselectivites in oxidations (Figure 4-13 
B). In general, higher the relative concentration of Ti(OOH) to Ti(O2
-.
) has higher selectivity 
to C=C oxidation products. These results indicate that the acidity of the catalysts played an 
important role for enhancing the catalytic performance in the direct oxidation to epoxide. 
However, Ti-MCM-41(TS)-P had lower relative concentration of Ti(OOH) to Ti(O2
-.
), which 
still generated higher selectivity to C=C oxidation products compared to Ti-MCM-41(TIP)-P. 
Hence, the activity of the catalysts and the selectivity to C=C oxidation products depend on 
the acidity of the catalysts. The formation of Ti(O2
-.
) favours the oxidation of allylic C-H 
bond while the Ti(OOH) drives the direct oxidation of C=C bond.  
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Figure 4-13: Correlation between A) selectivity of C=C oxidation products vs amount of acid sites; and B) 
selectivity of C=C oxidation products vs Ti(OOH)/Ti(O2
-.
) species. 
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4.4 Conclusions 
This study demonstrated that different Ti precursors and different synthesis method produced 
samples of varied physicochemical properties and diverse catalytic activities. Ti-MCM-
41(CT)-D, Ti-MCM-41(TS)-D and post synthesized Ti-MCM-41 catalysts achieved higher 
conversion of cyclohexene (~27-33%) than Ti-MCM-41(TIP)-D (~15%). The high activity of 
the catalysts was attributed to the abundant isolated tetrahedral Ti sites incorporated in the 
framework. The low conversion over Ti-MCM-41(TIP)-D was due to the formation of high 
amount of Ti species in a penta- and octahedral coordination sphere and the large particle size. 
This study also found that the Ti(O2
-.
) species stabilized on tetrahedral Ti sites. The 
selectivity to the products obtained via the oxidation of C=C was 29.8%, 47.2% and 18.6% 
corresponding to Ti-MCM-41(TS)-D, Ti-MCM-41(CT)-D and Ti-MCM-41(TIP)-D, 
respectively. Both Ti-MCM-41 (CT)-P and Ti-MCM-41 (TIP)-P catalysts generated 
predominantly the Ti(O2
-.
), which Ti-MCM-41 (TS)-P generated a significant amount of 
medium strength BAS and dominant Ti(OOH). Ti-MCM-41 (TS)-P had the highest 
selectivity to direct oxidation products via C=C. Therefore, the selectivity to the products 
generated via oxidation of C=C bond was correlated with the total amount of acid sites in 
these catalysts and the relative concentration of Ti(OOH)/Ti(O2
-.
). Increasing the total amount 
of acid sites increased the selectivity to the products generated via oxidation of C=C bond. 
Moreover, the formation of Ti(O2
-.
) favoured the oxidation of allylic C-H bond while the 
Ti(OOH) drive the direct oxidation of C=C bond. Therefore, these structure-activity relations 
can contribute to a better control of chemoselectivity in the titanosilicates system.  
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5. Influence of Support Acidity of the Size-confined 
Pt Nanocatalysts on the Selective Oxidation of 
Benzyl Alcohol  
 
5.1 Introduction  
Supported metal nanoparticles have attracted significant attention due to their superior 
catalytic performance for the production of chemicals and energy [18, 223-225] and have 
been extensively used in oxidations, hydrogenations, C-C coupling reactions, water-gas shift, 
and so on [226-239]. Selective oxidation of primary alcohols can readily form aldehydes, 
which are important platform molecules for industrial uses [18, 78, 240, 241], with molecular 
oxygen or air using heterogeneous catalysts. This is an attractive process, as it’s safer, 
cheaper, and more environmentally friendly compared to the homogeneous process [241]. 
The main reason for the use of air or pure oxygen as the oxidant rather than others, such as 
hydrogen peroxide, is the low cost of oxygen and oxygen is a “green” oxidant leading to 
water as the only by-product [242]. Oxidation of alcohols over supported metal catalysts has 
been thoroughly investigated in the past years [15, 16, 52, 54, 83-87, 89-92]. The commonly 
used metal catalysts in the oxidation of various alcohols are copper (Cu) [83], ruthenium (Ru) 
[84, 85], palladium (Pd) [15, 16, 54, 86-88], platinum (Pt) [15, 90, 91] and gold (Au) [52, 92] 
supported on a variety of materials.  
The metal nanoparticles typically provide highly active sites though they are very small and 
easy to aggregate, resulting in loss of catalytic activity [224]. The primary function of a 
support is to keep these small, homogeneous-size active metal nanoparticles highly dispersed 
on the support [243]. The size of the metal nanoparticles has strong effect on the 
chemoselectivity and activity [18, 88, 223, 224, 244]. Chen et al. [88] reported tuning the size 
of Pd particles in the range 2.2-10 nm by varying the ratio of SiO2: Al2O3 (Si/Al ratio) in a 
mixed oxide support. The mean Pd nanoparticle size decreased when the Si/Al ratio 
decreased.  The activity of the catalysts on benzyl alcohol oxidation decreased as a 
consequence of decreasing the particle size of Pd with similar aldehyde selectivity. The TOF 
decreased as the particle size decreased and showed a maximum ~2.5 s
-1
 at a medium mean 
size of Pd (3.6-4.3 nm). Li et al. [244] reported that the smaller Pd particles, mean size of 3.5 
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nm, prepared on SBA-15 were more active toward alcohol oxidation (75% conversion of 
benzyl alcohol with 80% selectivity to benzaldehyde, TOF: 10500 h
-1
) than the larger Pd 
particles (mean size of 10 nm, 10% conversion of benzyl alcohol with 100% selectivity to 
benzaldehyde, TOF: 489 h
-1
). Vinod et al. [245] also investigated the effect of particle size of 
Pd cluster on SiO2-Al2O3 and NaX zeolite supports on the catalytic oxidation of benzyl 
alcohol to benzaldehyde and found the optimum particle size around 2.8- 4.3 nm. All the 
above studies have revealed the alcohol oxidation reactions are structure-sensitive.  
The activity of the metal supported catalysts for alcohol oxidation reactions significantly 
depended on the support, such as hydroxyapatite (HAP), carbon, Al2O3, SiO2, pumice, SiO2-
Al2O3 and mesoporous silica [18, 52, 86]. Catalytic performances of Pd nanoparticles 
supported by different types of modified mesoporous silica including MCM-41, SBA-16 and 
TUD-1 were examined over the oxidation of benzyl alcohol [223, 244, 246]. SBA-16 with 
the unique “super-cage” structure effectively controlled the formation of dispersed noble 
metal nanoparticles in the mesoporous channels [223]. The size-dependent effect can be ruled 
out due to the effective confinement of noble metal nanoparticles by mesostructured SBA-16 
[223]. TUD-1 with its unique open 3-D sponge-like mesostructure provided strong 
confinement of Pd nanoparticles and suppresses the mass diffusion resistance [15]. Parlett et 
al. (2011) also reported that high surface area (300 m
2
/g) mesoporous alumina was able to 
stabilize atomically dispersed Pd(II) particles and this catalyst exhibited exceptional activity 
toward the aerobic selective oxidation of allylic alcohols [247]. Mori et al. [86] reported that 
the HAP-supported Pd catalyst had both the highest conversion of benzyl alcohol (99%) and 
selectivity to aldehyde (99%). The other supports (Al2O3, SiO2 and C) produced the aldehyde 
with less than 50% selectivity. Among the other three supports, the Pd/Al2O3 achieved the 
highest conversion (96%), though the selectivity was the lowest (38%). Pd/SiO2 had the 
highest selectivity (47%) while the conversion was only 71%, and the Pd/C gave the lowest 
conversion (46%) and low selectivity (42%). Fang et al. [248] investigated the effects of the 
acidity/basicity of amphoteric materials on benzyl alcohol oxidation. The catalyst Au/SiO2 
with neither acidity nor basicity had extremely low conversion of benzyl alcohol (2.1%) and 
the lowest selective of benzaldehyde (49%), whereas the catalyst Au/HT with both strong 
acidity and strong basicity had the highest conversion (89%) and selectivity (> 99%). The 
catalyst Au/MgO with stronger basicity but no acidity exhibited higher selectivity of 
benzaldehyde (>99%) and slightly lower conversion (84%). Au/Al2O3 with stronger acidity 
152 
 
 
but lower basicity achieved higher conversion of benzyl alcohol (88%) with slightly lower 
selectivity (96%). Hence, the acid-base properties of the support influence the catalytic 
behavior of the supported metal nanoparticles in the alcohol oxidation reactions. According 
to the previous studies [86, 225, 238, 243, 248-252], the support acidity and basicity have a 
significant influence on the electronic properties of the supported metal particles and the 
changes of the electronic properties affect the catalytic activity.   
The size-dependent effect can be ruled out due to the effective confinement of noble metal 
nanoparticles by mesostructured support. The Al-containing mesoporous materials are 
efficient supports in terms of relatively higher acidity, hydrothermal stability [94], high 
dispersion of the nanoparticles and easy diffusion of reactants and products [245]. The 
mesoporous materials minimizing the aggregation and leaching of Pt nanoparticles have 
attracted attention due to their high surface areas, uniform pore sizes and well dispersed metal 
nanoparticles with tunable uniform particle size [94]. Therefore, the design of heterogeneous 
catalysts with tunable acidity is an ultimate goal in the development of solid acid catalysts. 
Such properties are the key for controlling adsorption properties, reactant activation and 
product selectivity in liquid phase catalysis. In this research, the well dispersed and size-
confined Pt nanoparticles (mean particle size in the range of 1.7-2.08 nm) in Al-MCM-41 
with different density of surface Brønsted acid sites (BAS) but similar acid strength were 
obtained by the wet-impregnation method. This study investigated the influence of the 
support acid properties for the catalytic performance of Pt/Al-MCM-41with different Si/Al 
molar ratios in the oxidation of benzyl alcohol.  
 
5.2 Experimental Section 
5.2.1 Preparation of Pt/Al-MCM-41 catalysts 
All chemicals used for Pt/Al-MCM-41 synthesis, such as ammonium hydroxide solution (28% 
NH3 in H2O), tetraethylorthosilicate (TEOS, >98%), hexadecyltrimethylammonium chloride 
solution (CTACl, purum, ~25% in H2O), aluminium sulfate octadecahydrate (>98%) and 
platinum (II) acetylacetonate (Pt(acac)2), were supplied by Sigma-Aldrich.  
Pt/Al-MCM-41 was prepared by two steps. The first step: 23 mL of CTACl (25 wt.% in H2O) 
was mixed with  23 mL of ammonium hydroxide solution (28% of NH3 in H2O) in 263 mL of 
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deionized water under stirring [96]. The proper amount of aluminium sulfate was added into 
the above solution. 23 mL of TEOS was slowly added to yield a white gel. The gel was 
stirred for 1 h at room temperature. The Al-MCM-41 was synthesised in this period. The gel 
was washed with 2 L of deionized water, dried at 353 K overnight, and finally calcined at 823 
K for 4 h in air. The Al-MCM-41 catalysts with different Si/Al molar ratios of the educts 
used in the synthesis are denoted as Al-MCM-41-x, where x corresponds to Si/Al molar ratio 
of 10, 20, 30 and 50. The next step is platinum loading onto the above support via the 
impregnation method. 20 mg of Pt(acac)2 was firstly dissolved in toluene (7 mL) and then 
this solution was mixed with the previously prepared support (500 mg). The mixture was 
stirred at room temperature for 24 h, then dried at room temperature, and finally dried in an 
oven at 120 °C overnight. The solid was finally calcinated at 350 °C in dry air for 2 h with a 
heating rate of 1 ºC/min. The loading of Pt is 2 wt%. 
5.2.2 Catalyst characterizations  
X-ray diffraction (XRD) patterns of the fresh parent catalysts were recorded on SIEMENS 
D5000 and Shimadzu X-Ray Diffractometer (XRD-S6000) with CuKα radiation operated at 
40 kV and 30 mA at scan range from 1 to 70 degree with continuous scanning mode at a rate 
of 2° min
-1
. The surface area, average pore size, and total pore volume of the MCM-41 
materials were determined by measuring the N2 adsorption/desorption isotherms on Autosorb 
IQ-C system at 77 K. The fresh catalysts were outgassed at 423 K for 12 h before the 
measurement. The pore volume and pore size distribution of solid catalysts were calculated 
from desorption of the isotherms using the Barrett-Joyner-Halenda (BJH) method. The 
morphology and size of solid catalysts were observed with scanning electron microscope 
(SEM) recorded on Zeiss ULTRA Plus SEM. SEM sample preparation is done by using 
forceps apply a conductive carbon tab to an aluminium pin stub, apply a thin layer of sample 
onto the carbon tab, then gently blow away excess sample using an air duster.  Transmission 
electron microscope (TEM) and high-angle annular dark-field scanning TEM (HAADF-
STEM) images were obtained by using JEOL 2100 and JEOL 2200FS. Energy-dispersive X-
ray (EDX) spectroscopy was also collected on JEOL 2200FS. Sample for TEM analysis is 
first dispersed into ethanol and sonicated for few minutes. A drop of the suspended material 
is then pipetted onto a strong carbon grid film on 200 mesh Cu (GSCu200C). The particles 
settle to the grid surface and ethanol must be allowed to evaporate fully before viewing in the 
TEM. X-ray photoelectron spectroscopy (XPS) measurements were carried out with the Al 
154 
 
 
Kα radiation. Prior to XPS, the samples were activated in H2 for 1h at 400°C. The catalysts 
were cooled down with helium. The catalysts were then transferred into a sample holder 
under N2 atmospheric glove box. For binding energy calibration, C 1s at 284.8 eV was 
employed.  
5.2.3 Oxidation of benzyl alcohol  
Evaluation of the catalysts for aerobic oxidation of benzyl alcohol was carried out in an 
autoclave. A reaction batch was consisted of 0.16 mL (0.3 M) of benzyl alcohol and 5 mL 
water as solvent. 50 mg of catalyst was reduced in H2 flow of 50 ml/min at 400 °C for 1 h. 
The H2 pretreated catalyst was added into the reaction mixture. The autoclave was purged 
with O2 for five times and then supplied with O2 in 3 bar pressures. Then, the autoclave was 
heated up to 110 ºC under vigorous stirring. The products were quantified with gas 
chromatograph GC-2010 Plus (Shimadzu) with the flame-ionization detector and Rtx-5 
column (30 m*0.32 mm*0.3 µm). GC was carefully calibrated by external calibration 
method. The products were identified by a GC-MS-QP2010 Ultra (Shimadzu) equipped with 
a VF-WAXMS column (30 m×0.25 mm×0.25 µm).  
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5.3 Results and Discussion  
5.3.1 Characterization 
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Figure 5-1: Small (A) and large angle (B) XRD patterns of parent Al-MCM-41-X (X =10 to 50, Si/Al) and 
pure MCM-41. 
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Figure 5-2: Small (A) and large angle (B) XRD patterns of Pt/Al-MCM-41 (X =10 to 50, Si/Al) and 
Pt/MCM-41. 
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The X-ray powder diffraction patterns of the parent Al-MCM-41 as the supports and the 
Pt/Al-MCM-41 catalysts with different Si/Al molar ratio are shown in Figure 5-1 and Figure 
5-2, respectively. One main reflection peak corresponding to (100) plane at a low angle 
around 2.3° and two additional small peaks (110 and 200) in the 2θ range from 4.0 to 5.0 
were observed over MCM-41 and Pt/MCM-41, which confirms the presence of well-defined 
hexagonal channel structure [154].  With an increasing of Al content, the intensity of the 
main peak (100) decreased and the position shifted to a lower angle indicating a distortion of 
the long-range order of the hexagonal structure of the support as a consequence of the 
incorporation of Al into the silica framework [95, 96]. In the  high angle diffraction patterns, 
there is only one broad peak at 2θ = 25° corresponding to amorphous silica [96] present in the 
both Al-MCM-41 and Pt/Al-MCM-41. Except Pt/MCM-41, no detectable peaks of Pt were 
observed in all other Pt/Al-MCM-41 catalysts indicating the presence of very small Pt 
particles in these catalysts. Thus, the mesoporous support stabilized Pt nanoparticles with 
small particle size. Pt/MCM-41 showed the peaks Pt (111), (200) and (220) corresponding to 
the particle size of 9.8, 19.5 and 19.4 nm, respectively. As the particle size of Pt is larger than 
the size of the mesopore, a part of Pt aggregated together to form larger metallic Pt particles 
on the external surface of MCM-41 [253-257].  
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Figure 5-3: N2 adsorption-desorption isotherms (A) and associated BJH pore size distribution (B) of 
Pt/Al-MCM-41-X (X =10 to 50, Si/Al) and Pt/MCM-41. 
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Table 5-1: Structural and textural properties of Pt/Al-MCM-41-X materials with different Si/Al ratios. 
Catalyst Surface 
area 
(m
2
/g) 
Total pore 
volume 
(cm
3
/g) 
Average 
pore size 
(nm) 
Mean 
particle 
size of Pt 
(nm)
a
 
Pt 
dispersion 
(%)
b
 
Pt 
content 
(wt%)
c
 
Si/Al 
molar 
ratio 
c
 
Pt/MCM-41 850 0.90 2.1 2.3 50 -- -- 
Pt/Al-MCM-41-
50 
994 1.10 2.7 2.1 54 1.7 38.9 
Pt/Al-MCM-41-
30 
889 1.16 2.7 2.0 58 1.5 23.7 
Pt/Al-MCM-41-
20 
850 1.79 2.7 1.8 63 1.2 16.3 
Pt/Al-MCM-41-
10 
721 2.64 2.7 1.9 60 1.4 7.6 
a HRTEM  
b Dispersion of Pt was obtained from a plot of dispersion as a function of mean diameter of Pt particles [258, 
259] 
c ICP-MS  
 
 
The N2 adsorption/desorption isotherms with their corresponding BJH pore size distribution 
of the catalysts are shown in Figure 5-3 and the physical parameters of the materials are 
summarized in Table 5-1. All catalysts showed type IV isotherms indicating a mesoporous 
structure with a regular pore structure and had narrow and uniform pore size distribution in 
the range of 2.1 to 2.8 nm. All the Pt/[Al]MCM-41 catalysts presented high specific surface 
area in the range of 721 to 994 m
2
/g, which is the characteristic of MCM-41 materials [95]. 
The total pore volume was in the range of 1.1 to 2.64 cm
3
g
-1
.  
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Figure 5-4: SEM images of (a) Pt/MCM-41, (b) Pt/Al-MCM-41-50, and (c) Pt/Al-MCM-41-20. 
 
The shape and the particle size of the catalysts were observed from the SEM images (Figure 
5-4). All the Pt/Al-MCM-41 catalyts had the uniform spherical shape with size of around 40-
60 nm. However, Pt/MCM-41 showed aggregated large particles. 
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Figure 5-5:  HRTEM images and the Pt particle size distribution (histograms) of (a) Pt/MCM-41, (b) 
Pt/Al-MCM-41-50, and (c) Pt/Al-MCM-41-20 [96]. 
 
From HRTEM images and the particle size distributions histograms (Figure 5-5), well-
dispersed platinum nanoparticles could be prepared on the Al-MCM-41 support. The 
observation that the catalysts formed small Pt particles on the support narrow distribution 
cannot be derived from XRD pattern was consistent with the XRD results. The Pt particle 
size of around 1.8-2.1 nm for Pt/Al-MCM-41 catalysts indicates that the supports with 
uniform mesopores could provide a size-confinement effect for the formation of uniform Pt 
particles with high dispersion (between 54 to 63%) as shown in Table 5-1. Pt dispersion was 
estimated using the relationships between dispersion and average Pt particle diameter for 
metal catalysts reported elsewhere [258, 259] and the mean particle size from TEM. With an 
increasing in Al content, the mean size of Pt particles decreased from 2.1 to 1.8 nm. However, 
the Pt/MCM-41 had slightly larger Pt particles with the mean size of 2.3 nm and the Pt 
dispersion was 50%.  
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Figure 5-6: HAADF images of (a) Pt/MCM-41, (b) Pt/Al-MCM-41-50, and (c) Pt/-Al-MCM-41-20. 
 
HAADF-STEM, which is sensitive to atomic weight with heavy atoms appearing brighter, 
was used to directly investigate the atomic structural information on Pt [260]. The highly 
dispersed, very small metallic Pt nanoparticles in the fresh catalysts were uniformly observed 
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in the Al-MCM-41. However, large metallic Pt particles outside channels of MCM-41 could 
be observed consistent with XRD and TEM results. The elemental mapping of Pt and Al on 
the Pt/Al-MCM-41 samples using EDX is shown in Figure 5-6. EDX line scan was 
performed along the green line (the bottom figures, a5-c5 ) for the samples and the intensity 
profiles assumed to be proportional to the atomic densities  of Al-K and Pt-Lα X-rays are 
plotted in Figure 5-6 (a5-c5) [223].  Pt, Al and Si are uniformly distributed over these catalysts.   
Table 5-2: Population density of acidic OH groups on Pt/Al-MCM-41 catalysts with different Si/Al ratios 
a
[96]. 
Catalyst Density of acidic OH 
groups in [Al]MCM-41 
(BAS per nm
2
) 
Density of free acidic 
OH groups (BAS per 
nm
2
) 
Density of acidic OH 
groups covered by Pt 
particles (BAS per nm
2
) 
Pt/Al-MCM-41-50 6.3 × 10
-3
 N.A. 6.3 × 10
-3
 
Pt/Al-MCM-41-30 40.7 × 10
-3
 29.7 × 10
-3
 11 × 10
-3
 
Pt/Al-MCM-41-20 60.5 × 10
-3
 39.9 × 10
-3
 20.6 × 10
-3
 
Pt/Al-MCM-41-10 108.3 × 10
-3
 70.4 × 10
-3
 37.9 × 10
-3
 
a
 Population density of acidic OH groups (mol%) = the number of acidic OH groups/specific surface area (nm
2
).  
The generation of Brønsted acid sites (BAS) by the incorporation of aluminium into the silica 
network may affect the catalytic activity by inducing ionic effects on supported Pt 
nanoparticles and/or cooperative actions with Pt sites during the reaction [96]. The surface 
acidity of the Pt/Al-MCM-41 was investigated by 
1
H MAS NMR. The data for the 
quantitative evaluation of the NMR spectra and the population densities of BAS on the Pt/Al-
MCM-41 catalysts are summarized in Table 5-2 and are compared with the population 
densities of BAS on parent Al-MCM-41supports before introducing Pt (Table 5-2, column 2). 
The population densities of free BAS on the Al-MCM-41supports strongly decreased after 
the Pt loading as these BAS were covered by Pt nanoparticles. All the BAS of the Al-MCM-
41-50 support (6.3 × 10
−3
 BAS per nm
2
) were covered by Pt nanoparticles. Consequently, 
Pt/Al-MCM-41-50 had no free BAS around Pt particles on the supports. The 
13
C MAS NMR 
spectrum of acetone-2-
13
C loaded Pt/Al-MCM-41indicated that the Pt/Al-MCM-41catalysts 
with different Si/Al ratios had similar acid strength. Therefore no strong interactions between 
Pt and nearby BAS existed [96]. 
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Figure 5-7: XPS spectra of (a) Si-MCM-41; (b) Al-MCM-41-50; (c) Al-MCM-41-10; (d) Pt/MCM-41; (e) 
Pt/Al-MCM-41-50; (f) Pt/Al-MCM-41-30; (g) Pt/Al-MCM-41-20 and (h) Pt/Al-MCM-41-10. 
 
Table 5-3: XPS results for Pt/Al-MCM-41 catalysts with different Si/Al ratios.  
Catalyst   Binding energy (eV) 
Pt
0
 Pt
δ+
 Pt
2+
 Al 2p Si 2p O 1s 
Pt foil
[261, 262]
 74.0 70.7 75.1 71.8 76.6 73.4 N.A. N.A. N.A. N.A. 
Si-MCM-41 N.A. N.A. N.A. N.A. N.A. N.A. N.A. N.A. 103.6 532.9 
Al-MCM-41-50 N.A. N.A. N.A. N.A. N.A. N.A. 74.5 103.5 532.9 
Al-MCM-41-10 N.A. N.A. N.A. N.A. N.A. N.A. 75.0 103.5 532.7 
Pt/MCM-41 74.7 71.2 75.6 72.0 76.3 73.8 N.A. N.A. 103.8 533.2 
Pt/Al-MCM-41-50 74.6 71.5 75.5 71.8 76.9 73.8 74.8 71.5 103.8 533.0 
Pt/Al-MCM-41-30 74.6 71.3 75.5 72.0 76.3 73.9 74.9 71.5 103.6 532.9 
Pt/Al-MCM-41-20 74.9 71.5 75.7 71.8 76.7 73.9 74.9 71.5
 
 103.7 532.9 
Pt/Al-MCM-41-10 74.9 71.5 75.7 72.1 76.5 74.3 75.2 71.7 103.6 532.9 
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The surface chemical compositions and the oxidation state reflecting the interaction between 
metal particles and support of Pt/Al-MCM-41 samples were detected by XPS measurement 
[263, 264]. The XPS spectrum of Pt-4f region showed three doublet peaks. The most intense 
doublet peaks at 71.2-71.5 and 74.6-74.9 eV are due to metallic Pt (Pt
0
), the second intense 
doublet peaks at 71.8-72.1 and 75.5-75.7 eV can be assigned to Pt (Pt
δ+
), and the third intense 
doublet peaks at 73.8-74.3 and 76.3-76.9 eV are most likely from a small amount of Pt(II) 
chemical state [94, 261, 263, 265]. The mother materials, Si-MCM-41 and Al-MCM-41-50 
and 10 showed similar pattern as the Pt/Al-MCM-41 catalysts. The binding energy (BE) of 
Al-2p in Al-MCM-41-50 and 10 only has one peak at 74.5-75.0 eV. From Pt/MCM-41 to 
Pt/Al-MCM-41, the binding energy of Pt increased around 0.2 eV, the detected slight 
increase in BE of Pt-4f spectra from Pt/MCM-41 to Pt/Al-MCM-41 without and with free 
BAS indicates electron release from Pt [250, 257] or the formation of ultrafine Pt 
nanoparticles (1.7-2.2 nm) [94, 263]. There is only one characteristic peak at around 533 eV 
for the O-1s spectra of all the samples indicating that only one type of oxygen atom in the 
samples [266]. The BE of the O-1s in the catalysts shifted to lower BEs in the range of 533.2 
to 532.9 eV (the literature values, O
-2
: 530.4 eV) from Pt/MCM-41 to Pt/Al-MCM-41 [267]. 
The BE of Si-2p over Pt/Al-MCM-41 catalysts was lower (around -0.2 eV) compared to 
Pt/MCM-41. These results indicate that O and Si in the catalysts received electrons 
transferred from Pt particles and contributed to the electron charge density to the Pt 
nanoparticles [262, 267]. Therefore, Si and O receives electron and Pt releases electron by the 
influence of Si/Al ratio, which is acidity. 
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Figure 5-8: DRIFTS spectra of CO adsorption on (a) Pt/Al-MCM-41-50, (b) Pt/Al-MCM-41-40, (c) Pt/Al-
MCM-41-30, (d) Pt/Al-MCM-41-20 and (e) Pt/Al-MCM-41-10 [96]. 
 
According to DRIFTS spectra of CO adsorption analysis shown in Figure 5-8 [96], the Pt 
covered BAS sites on supports obviously induced the ionic effects for the metal particles but 
the density of BAS on support does not significantly change the ionic effects for the 
supported metal particles. The dominant band at 2079 cm
-1
 which assigned to CO adsorbed 
on Pt metallic particles and a very small band at 2170 cm
-1
 which assigned to CO adsorbed 
on Pt ions. The DRIFTS-CO spectra confirm that the free BAS around the Pt particles did not 
interact with Pt atoms, while the ionic effects were generated by the Pt-covered acid sites.  
 
5.3.2 Selective oxidation of benzyl alcohol over Pt/Al-MCM-41 catalysts 
In order to investigate the influence of the support acidity on the catalytic performance of the 
Pt/[Al]MCM-41 catalysts with different density of BAS, selective oxidation of benzyl alcohol 
was chosen as the target reaction as benzaldehyde is a very important organic intermediate in 
the industry of perfumery, pharmaceutical, dyestuff and agrochemicals [240]. The oxidation 
of benzyl alcohol to benzaldehyde accompanies many by-products including dibenzylether, 
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benzoic acid, benzyl benzoate, and toluene depending on the reaction conditions (temperature 
and oxygen concentration). The aerobic oxidation of benzyl alcohol over these catalysts 
undergoes two reaction pathways as shown in Scheme 5-1.   
  
 
Scheme 5-1: Scheme of oxidation of benzyl alcohol to benzaldehyde, benzoic acid and toluene. 
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Figure 5-9: Selective oxidation of benzyl alcohol over Pt/Al-MCM-41 with different Si/Al molar ratios and 
Pt/MCM-41. Conditions: 50 mg catalyst, H2 reduction with flow rate of 50 ml/min at 400 ºC for 1 h, 5 mL 
of 0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
 
 
 
Table 5-4: Conversion of benzyl alcohol and the selectivity of benzaldehyde over Pt/Al-MCM-41materials 
with different Si/Al ratios. Conditions: 50 mg catalyst, H2 reduction with flow rate of 50 ml/min at 400 ºC 
for 1 h, 5 mL of 0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
Catalyst X Benzyl alcohol 
a
 (%) 
X Benzyl alcohol 
b
 
(%) 
S Benzaldehyde 
c
 (%) S Benzoic acid 
c
 
(%) 
TOF 
d
 (h
-1
) 
     X =13%  
Pt/MCM-41 16.5 27.4 100.0 0.0 96  
Pt/-Al-MCM-41-50 39.3 72.6 100.0 0.0 406  
Pt/-Al-MCM-41-30 24.7 57.4 100.0 0.0 122  
Pt/-Al-MCM-41-20 21.0 47.8 100.0 0.0 119  
Pt/-Al-MCM-41-10 20.7 42.1 100.0 0.0 101  
a
X Benzyl alcohol is the conversion of benzyl alcohol at 120 min 
b
X Benzyl alcohol is the conversion of benzyl alcohol at 120 min 
c
S Benzaldehyde, S Benzoic acid is the selectivity at 50% of the conversion of benzyl alcohol 
d
TOF is calculated based on Pt dispersion based on TEM  
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For the selective oxidation of benzyl alcohol, the conversion after 480 min was extremely 
low, only 2.4% in the blank test without catalyst. From Figure 5-9, at the very early stage of 
the reaction (around 30 mins), the conversion and selectivity were almost the same 
irrespective of the catalysts. Based on the characterizations, all the catalysts have similar high 
surface area (> 720 m
2
/g) and same average pore size for Pt/Al-MCM-41 (2.7 nm). The XPS 
results for all the Pt/Al-MCM-41 were similar. This possible reason is due to the simply 
adsorption of benzyl alcohol on the Pt surface, which all the catalysts have similar amount of 
Pt (around 1.5 wt.%). At the reaction time of 60 min, the catalysts started to show some 
differences in conversion with 100% selectivity to benzaldehyde. From Table 5-4, the 
conversion of benzyl alcohol for Pt/Al-MCM-41-10, 20 and 30 was around 21-25%. The 
conversion for Pt/Al-MCM-41-50 was much higher, which was 39%. Pt loading on the pure 
MCM-41 without any acidity significantly increased the conversion to 38.2 % after 240 min 
and up to 60.1 % after 480 min. The strong confinement of Pt nanoparticles over Al-MCM-
41 exhibited excellent catalytic activity in the benzyl alcohol oxidation with molecular 
oxygen due to the high mass diffusion [15, 223, 247]. At the reaction time of 120 min, 
Pt/MCM-41 only achieved 27.4 % conversion, while the Pt/Al-MCM-41-10, Pt/Al-MCM-41-
20 and Pt/Al-MCM-41-30 achieved 42.1 %, 47.8 % and 57.4 % conversion, respectively. The 
most effective Pt/Al-MCM-41-50 had the highest conversion (72.6 %). All the Pt/[Al]MCM-
41 catalysts achieved 100% conversion up to 210 min, except Pt/Al-MCM-41-10 at 270 min. 
Pt/MCM-41 had much lower conversion compared to Pt/Al-MCM-41 due to its neither 
acidity nor basicity. Similar finding is reported by Fang et al. [86, 248]. Another possible 
reason is large particle size observed from SEM images (Figure 5-4, a) and HAADF images 
(Figure 5-6, a) which reduced its active surface area for benzyl alcohol adsorption and 
product desorption. For longer reaction time, Pt/MCM-41 deactivated. This is possible due to 
adsorption of products on the Pt active sites, leading to catalyst deactivation. XRD results, 
TEM and HAADF-STEM images (Figure 5-2, Figure 5-5 and Figure 5-6) provided clear 
evidence that the aluminium-containing mesoporous support stabilized Pt nanoparticles and 
then prevented aggregation of the Pt nanoparticles, thus resulted in smaller particle sizes 
(around 1.77-2.08 nm) and keeping the structure of Al-MCM-41 supports with high surface 
area (721 to 994 m
2
/g). Pt dispersion (54 to 63%) was improved by the introduction of Al 
species. From XPS and DRIFTS-CO spectra, the Pt-covered BAS sites on supports obviously 
induced the electron transfer from the metal particles to the support and probably stronger 
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meatal-support interaction [250, 257, 262, 267]. The strong metal-support interaction not 
only gives rise to a possible synergetic effect between the components but also greatly 
stabilizes the Pt nanoparticles [267, 268]. However, in our case, the free BAS around Pt 
particles did not interact with Pt atoms as confirmed by the DRIFTS-CO analysis. The 
presence of free BAS on the support surface may inhibit the O-H bond activation via proton 
transfer. As a consequence, the amount of alkoxide intermediate to form the aldehyde became 
low compared to Pt/Al-MCM-41-50 without free BAS.  
There were only two products, benzaldehyde and benzoic acid generated during this 
oxidation. Therefore, the reaction took place via only one pathway as already highlighted in 
the red box in Scheme 5-1. The selectivity of benzaldehyde at 50% conversion of benzyl 
alcohol is summarized in Table 5-4. The selectivity to benzaldehyde is 100% for all the 
catalysts Pt/Al-MCM-41 catalysts with different density of BAS but similar acid strength 
from DRIFTS-CO led to similar chemoselectivity (100% selectivity to benzaldehyde at 50% 
conversion, Table 5-4). The selectivity to benzaldehyde over all Pt/Al-MCM-41 dropped 
after longer reaction time as the generated benzaldehyde was further oxidised to benzoic acid. 
The turnover frequency (TOF) of these catalysts at 13% and 50% conversion of benzyl 
alcohol is summarized in Table 5-4. At 13% conversion, increasing the aluminium content 
dramatically decreased TOF from 406 to 101 h
-1
. Pt/Al-MCM-41-50 had the highest TOF 
(406 h
-1
) which is around 4.2 times higher than that on Pt/MCM-41 and is around 3.3-4.0 
times higher compared to the rest Pt/Al-MCM-41 catalysts.  
The mechanism on the Pt surface is shown in Scheme 5-2: the first step is the activation of 
the O-H bond in benzyl alcohol on the metal surface yielding a metal-benzyl alkoxide 
intermediate via the initial deprotonation of the alcohol [18, 93], and results in the formation 
of adsorbed hydrogen on the Pt surface [269]. In the second step, β-hydride elimination 
process produces a carbonyl group and a metal-hydride on the surface. Finally, Pt active site 
is regenerated via the oxidation of adsorbed hydrogen by molecular oxygen [15, 54]. Surface 
oxygen in O-H acts as a Brønsted base to abstract the hydroxyl H of the alcohol to form H2O, 
and alters the adsorption geometry of intermediate aldehydes [269].. The key role of oxygen 
is the removal of the adsorbed hydrogen from the metal active sites [270].  
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Scheme 5-2: Proposed mechanism of oxidation of benzyl alcohol to benzaldehyde. (a) physisorbed 
molecular oxygen species; (b) chemisorbed molecular oxygen species; and (c) dissociatively chemisorbed 
oxygen. 
 
5.4 Conclusion 
The well dispersed, stabilised small Pt nanoparticles (54 to 63% dispersion, mean particle 
size in the range of 1.8-2.18 nm) inside the Al-MCM-41 mesoporous framework became 
excellent supported metal catalysts for the oxidation of benzyl alcohol. Pt particles covering a 
small amount of acidic OH groups afforded dramatically high catalytic performance. On the 
other hand, Pt/MCM-41 without any acidic OH groups had lower activity (both conversion 
and selectivity). The electron transfer between Pt and the support of Pt/Al-MCM-41 as 
revealed by XPS measurement was the major possible reason to cause the enhanced catalytic 
activity. Pt/Al-MCM-41-50 with all Pt covered acid sites had the highest conversion (72.6%), 
which was around 3-4 times higher compared to the other Pt/Al-MCM-41 catalysts and the 
TOF was 406 h
-1
 at 13% conversion. However, increasing the density of free BAS dropped 
the conversion dramatically and the TOF decreased as well (from 406 to 101 h
-1
) at 13% 
conversion. This may be due to the electron transfer between Pt and acid sites covered by Pt, 
while the free BAS around the Pt particles did not interact with Pt atoms. The presence of 
free BAS on the support surface may inhibit the O-H bond activation via proton transfer, thus 
lower the amount of alkoxide intermediate generated compared to Pt/Al-MCM-41-50 without 
free BAS.  
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6. Influence of Alkali-treatment of Pt/Al-MCM-41 in 
Selective Oxidation of Benzyl Alcohol  
 
6.1 Introduction  
The heterogeneously catalyzed selective aerobic oxidation of alcohols on platinum group 
metal with mixed oxides or ordered porous materials [53] is a broad area for the development 
of new green chemistry approaches to produce valuable pharmaceutical and agrochemical 
intermediates and target products [15, 245, 271]. In the past years, extensive work has been 
undertaken on catalytic selective oxidation of alcohols on Pt, Pd and Au in aqueous media 
[15, 238, 239]. Generally, reactions performed without any bases added seem to reach a 
certain level of conversion without approaching full conversion [18, 242, 272, 273]. In the 
absence of a base, the initial dehydrogenation via H-abstraction, which is the first and the rate 
limiting step in the oxidation process, is difficult for the supported Au catalyst and is slow for 
the supported Pd and Pt catalysts [242]. The role of the base is to promote the initial 
dehydrogenation [274]. Guo et al. [273] investigated the concentration of aqueous NaOH on 
the performance of benzyl alcohol oxidation over unsupported bulk Au and found that the 
major product was the ester, benzyl benzoate, under lower concentrations of base (≤ 0.6M 
NaOH) and benzoic acid under higher concentrations (1.2 M NaOH). Buonerba et al. [272] 
reported that the supported Au nanoparticles on block copolymers achieved > 99% 
conversion of benzyl alcohol and 97% selectivity to aldehyde after 6 h with the addition of 
KOH. Over longer reaction times (>24 h), further oxidation of benzaldehyde to acid was not 
observed, indicating that oxidation of aldehyde to acid was inhibited in high pH aqueous 
media.  
As an alternative to adding homogenous base, the use of solid bases as supports for metal 
catalysts is a greener and much more sustainable way [18, 225, 240, 248, 275, 276]. Jia et al. 
[240] developed a stable and highly active alkali-treated ZSM-5 zeolite catalysts which were 
pre-treated with sodium hydroxide solution. These alkali-treated ZSM-5 zeolite catalysts for 
benzyl alcohol oxidation achieved 53% conversion and 86% selectivity to benzaldehyde. 
Contrary to the non-alkali-treated ZSM-5, the conversion was 44% and the selectivity to 
benzaldehyde was 80%. This was due to the amount of base sites and the external surface 
area increase by the alkali-treatment. Nepak and Srinivas [276] reported that catalytic activity 
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had a direct relationship with the basicity and an inverse relationship with the Au particle size. 
With increasing basicity, the particle size of Au decreased while the activity of the catalyst 
increased [276]. Au/BaTNTs (Titanate nanotubes) had the higher basicity and smaller Au 
particles and higher metal dispersion compared to the others Au/ATNT (A= Li
+
, K
+
, Cs
+
, 
Mg
2+
, Ca
2+
 and Sr
2+
). The strength of basicity and relative concentration of strong basic sites 
influenced the metal particle size. Santra et al. [92] investigated the influence of alkaline 
doping (Ba
2+
, Ca
2+
 and Mg
2+
) into the ceria lattice through a sol-gel method on morphology, 
redox, acid-base properties of the catalysts and their activity for the oxidation of benzyl 
alcohol. The highest conversion (36.8%) of benzyl alcohol was achieved on 2.33 wt% Au/Ba-
CeO2 with > 99% selectivity to benzaldehyde. This was due to the smallest gold 
nanoparticles, more labile oxygen species from XPS results and easy reducibility of gold 
from TPR results. Zhang et al. [277] reported a more efficient pathway for formaldehyde 
oxidation at ambient temperature over alkali-metal-promoted Pt/TiO2 catalyst. The addition 
of alkali-metal ions (Li
+
, Na
+
, K
+
) to Pt/TiO2 stabilized an atomically dispersed Pt-O(OH)x-
alkali-metal species on the catalyst surface. The effect of surface basicity over monometallic 
Pd and Rh catalysts supported on N-doped mesoporous carbon (NMC) for benzyl alcohol 
oxidation was studied by Wang et al. [278].  Both Pd and Rh supported on basic NMC 
showed higher activity and selectivity toward benzaldehyde than those on neutral and acidic 
carbon supports and the acidic supports promoted the by-product formation. Zhang et al. [279] 
developed an effective Pd@N-doped carbon from glucose for solvent-free oxidation of 
alcohols. The incorporation of nitrogen atoms and increased structural defects improved the 
adsorption of the substrates on the surface of the catalysts and the formation of alcoholate by 
O-H scission or C-H bond to the Pd
0
 species in the alcohol oxidation. Therefore, basicity on 
the support surface accelerates the alcohol dehydrogenation, suppresses side reactions, and 
enhances the desorption of products without significantly elevating the solution pH [275].  
In the previously chapter, the effect of the support acidity of Pt/Al-MCM-41 was investigated. 
Pt particles covering a small amount of acidic OH groups (Pt/Al-MCM-50) exhibited a high 
activity and excellent selectivity. However, further increase in the density of free BAS 
(Pt/[Al]MCM-41/20) dropped the conversion dramatically. Therefore, this chapter 
investigates the alkali-treated Pt/Al-MCM-41-20 to remove the free BAS of the support with 
different Na : BAS molar ratio and different alkali-metal ions sources. Influences of alkali-
treatment on the electronic structure of the Pt metal particles, the mesoporous structure and 
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on the performance for oxidation of benzyl alcohol are discussed. In comparison, the alkali-
treated Pt/Al-MCM-41-50 and Pt/MCM-41 with different alkali-metal ions sources were 
prepared and the performance on the alcohol oxidation was also studied.  
 
6.2 Experimental Section 
6.2.1 Preparation of alkali-treated Pt/Al-MCM-41 catalysts 
All chemicals used for Pt/Al-MCM-41 synthesis, such as ammonium hydroxide solution (28% 
NH3 in H2O), tetraethylorthosilicate (TEOS, >98%), hexadecyltrimethylammonium chloride 
solution (CTACl, purum, ~25% in H2O), aluminum sulfate octadecahydrate (>98%) and 
platinum (II) acetylacetonate (Pt(acac)2), were supplied by Sigma-Aldrich.  
Pt/Al-MCM-41 was prepared by two steps. The first step: 23 mL of CTACl (25 wt.% in H2O) 
was mixed with  23 mL of ammonium hydroxide solution (28% of NH3 in H2O) in 263 mL of 
deionized water under stirring [96]. The proper amount of aluminium sulfate was added into 
the above solution. 23 mL of TEOS was slowly added to yield a white gel. The gel was 
stirred for 1 h at room temperature. The Al-MCM-41 was synthesised in this period. The gel 
was washed with 2 L of deionized water, dried at 353 K overnight, and finally calcined at 823 
K for 4 h in air. The Al-MCM-41 catalysts with different Si/Al molar ratios are denoted as 
Al-MCM-41-x, where x corresponds to Si/Al molar ratio of 10, 20, 30 and 50. The next step 
is platinum loading onto the above support via the impregnation method. 20 mg of Pt(acac)2 
was firstly dissolved in toluene (7 mL) and then this solution was mixed with the previously 
prepared support (500 mg). The mixture was stirred at room temperature for 24 h, then dried 
at room temperature, and finally dried in an oven at 120 °C overnight. The solid was finally 
calcinated at 350 °C in dry air for 2 h with a heating rate of 1 ºC/min. The loading of Pt is 2 
wt%.  
Alkali-treatment of Pt/Al-MCM-41 catalysts were prepared by treating 200 mg of the Pt/Al-
MCM-41 catalysts with 2-6 mL of 0.1 M NaNO3, NaOH, Na2CO3, KNO3 or CsNO3 solution 
at 80 ºC for 3 h with constant stirring. The solid was washed with 500 mL of deionized water 
and dried at room temperature overnight. This procedure was repeated twice. The catalysts 
were calcined at 350 ºC for 2 h in air with a heating rate of 1 ºC/min. 
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6.2.2 Catalyst characterizations  
X-ray diffraction (XRD) characterization: XRD patterns of the freshly prepared catalysts 
were recorded on SIEMENS D5000. Small-angle and large-angle XRD studies were 
performed in the range of 1.5–10° and 10–75°, respectively, with scanning steps of 2 ° using 
Cu Kα radiation operated at 40 kV and 30 mA.BET measurements: The surface area, average 
pore size, and total pore volume of the MCM-41 materials were determined by measuring the 
N2 adsorption/desorption isotherms on Autosorb IQ-C system. The sample was degassed at 
473 K for 12 h under vacuum prior to measurement at 77 K. Scanning electron microscope 
(SEM) characterization: The morphology and size of solid catalysts were observed with SEM 
recorded on Zeiss ULTRA Plus SEM. SEM sample preparation is done by using forceps 
apply a conductive carbon tab to an aluminium pin stub, apply a thin layer of sample onto the 
carbon tab, then gently blow away excess sample using an air duster. 
Transmission electron microscope (TEM) characterization: TEM and high-angle annular 
dark-field scanning TEM (HAADF-STEM) images were obtained by using JEOL 2100 and 
JEOL 2200FS. Energy-dispersive X-ray (EDX) spectroscopy was also collected on JEOL 
2200FS. 
NH3 or CO2 temperature-programmed desorption (NH3-TPD or CO2-TPD): NH3-TPD or 
CO2-TPD was performed on TGA instrument. Typical amount of the samples was pre-treated 
at 300 °C for 30 min in dry N2 (50 mL/min) to purge the gas or moisture adsorbed on the 
samples, then cooled to 50°C, and followed by the adsorption of NH3 or CO2 for 30 min. 
After purging the catalyst with N2 (50 mL/min) at 50 °C for 30 min, the TPD plot from 50 °C 
to 900 °C was obtained at a heating rate of 10 °C /min.  
X-ray photoelectron spectroscopy (XPS) measurements were carried out with the Al Kα 
radiation. Prior to XPS, the samples were activated in H2 for 1h at 400°C.  The catalysts were 
cooled down with helium. The catalysts were then transferred into a sample holder under N2 
atmospheric glove box. For binding energy calibration, C 1s at 284.8 eV was employed. 
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6.2.3 Oxidation of benzyl alcohol   
Evaluation of the catalysts for aerobic oxidation of benzyl alcohol was carried out in an 
autoclave. A reaction batch was consisted of 0.3 M benzyl alcohol and 5 mL water as solvent. 
50 mg of catalysts were pre-treated at 400 ºC under H2 with flow rate of 50 mL/min for 1 h.  
The pre-treated catalyst was added into the reaction mixture. The autoclave was purged with 
O2 for five times and then pressurised with O2 to 3 bar and was heated up to desired 
temperature under vigorous stirring. The products were analysed with GC-FID and GC-MS 
(Shimadzu GCMS-QP 2010 Ultra). 
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6.3 Results and Discussion  
6.3.1 Characterizations  
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Figure 6-1: Small (A) and large (B) angle XRD patterns of Na2CO3-Pt/ Al-MCM-41-20 with different 
molar ration of Na:BAS. 
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Figure 6-2: Small (A) and large (B) XRD patterns of alkali-treated Pt/Al-MCM-41-20 with different 
alkali-metal ions sources (alkali-metal ions: BAS = 50:1). 
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Figure 6-3: Small (A) and large (B) angle XRD patterns of alkali-treated Pt/Al-MCM-41-50 with different 
alkali-metal ions sources (alkali-metal solution = 1.8 mL). 
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The X-ray powder diffraction patterns of the alkali-treated Pt/Al-MCM-41-20 catalysts 
prepared with different Na:BAS molar ratios and different alkali-metal ions sources, and the 
alkali-treated Pt/Al-MCM-41-50 with different alkali-metal ions sources was shown in Figure 
6-1 to Figure 6-3. One main reflection peak corresponding to (100) plane at a low angle 
around 2-2.5° was observed, which is characteristic of a highly ordered hexagonal channel 
structure for the mesoporous catalysts [154]. The intensity of the peak was decreased as the 
molar ratios of Na:BAS increased from 1:1 to 50:1 due to the disordering of hexagonal 
mesostructured material [270]. The peak disappeared on the alkali-treated Pt/Al-MCM-41-20 
with Na:BAS = 70:1 due to the complete disintegration of the MCM-41 structure [280-283]. 
The alkali-treated Pt/Al-MCM-41-20 and PtAl-MCM-41-50 catalysts with different alkali-
metal ions sources (CsNO3, NaNO3, KNO3, Na2CO3 and NaOH) had similar pattern. By the 
alkali-treatment with CsNO3, NaNO3, KNO3 and Na2CO3, the intensity of the main reflection 
peak (100) became much lower. The broader and less intense main peak indicates a distortion 
of the long range ordering of the mesoporous structure and/or badly built hexagonal arrays 
[284]. This observation is more significant for Na containing alkali-metal ions sources, 
namely Na2CO3 and NaNO3. The main reflection peak over NaOH-Pt/Al-MCM-41-20 and 
Pt/Al-MCM-41-50 disappeared due to the disintegration of the MCM-41 structure [280, 281]. 
In the large angle diffraction patterns, there was no change before and after the alkali-
treatment, suggests that disordered pore structure was maintained [154]. Figure 6-3 (B) 
suggested that the well dispersed small Pt nanoparticles on the support were not affected by 
the alkali-treatment.  
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Figure 6-4: N2 isotherms (A) and pore size distribution (B) of Na2CO3-Pt/Al-MCM-41-20 with different 
Na:BAS ratio. 
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Figure 6-5: N2 isotherms (A) and pore size distribution (B) of alkali-treated Pt/AlMCM-41-20 with 
different alkali-metal ions sources (alkali-metal ions: BAS = 50:1). 
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Figure 6-6: N2 isotherms (A) and pore size distribution (B) of alkali-treated Pt/Al-MCM-41-50 with 
different alkali-metal ions sources (alkali-metal solution = 1.8 mL). 
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N2 adsorption/desorption isotherms with their corresponding BJH pore size distributions of 
the catalysts are shown in Figure 6-4 to Figure 6-6, and the corresponding physical 
parameters of the materials are summarized in Table 6-1. MCM-41 materials showed type 
IV-like isotherms. However, the condensation step was not sharp and the samples had 
biporous structure with the small surface area [285]. The surface area decreased from 794 
m
2
/g to only 339 m
2
/g as the Na:BAS ratios increased from 1:1 to 70:1. The alkali-treated 
catalysts had a narrow and uniform pore size distribution at about 2.5 nm when treated at 
lower Na:BAS ratios (1:1 and 10:1). Within case of high Na:BAS ratio (50:1) with Na2CO3, 
the bimodal pore structure at 1.9 nm and 3.4 nm was observed due to the original less 
ordered-pores and formed bigger pores. When the Na:BAS ratio reached 70:1 with Na2CO3, 
the bimodal pore structure at 1.9 nm and 3.4 nm was observed. From ICP-MS results, Si/Al 
molar ratio decreased to 13.7 compared to non-treated one, which was 16.3. In the alkali-
treated Pt/Al-MCM-41-20 catalysts with different alkali-metal ions sources, NaOH-Pt/Al-
MCM-41-20 had the lowest surface area (123 m
2
/g) and no pores shown up in the pore size 
distribution (Figure 6-5 B). In addition, Si/Al molar ratio decreased from 16.3 over Pt/Al-
MCM-41-20 to 12.3 over NaOH-Pt/Al-MCM-41-20. All these results indicate that the pores 
were completely destroyed. Na2CO3-Pt/Al-MCM-41-20 had a low surface area of 360 m
2
/g, 
suggesting that part of the mesoporous structure was destroyed [283, 286]. KNO3-Pt/Al-
MCM-41-20 and NaNO3-Pt/Al-MCM-41-20 both had the highest surface area of around 820 
m
2
/g with uniform pore size distribution at about 2.45 nm. The alkali-treated Pt/Al-MCM-41-
50 with different alkali-metal ions sources had high surface area (> 927 m
2
/g) with uniform 
pore size distribution at about 2.5 nm similar to Pt/Al-MCM-41-50 (994 m
2
/g, 2.74 nm). 
Exceptionally, NaOH-Pt/Al-MCM-41-50 had much lower surface area of 399 m
2
/g with two 
average pore sizes, 1.9 and 3.4 nm and slightly lower surface area of 736 m
2
/g for Na2CO3-
Pt/Al-MCM-41-50 with two average pore sizes, 2.4 and 3.8 nm. Based on these results, the 
alkali-treatment had a significant influence on the mesoporous structure; decrease in the 
surface area and the generation of biporous structure, consistent with the XRD measurement.  
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Table 6-1: Structural and textural properties of alkali-treated Pt/Al-MCM-41 materials with different 
Na:BAS ratios and different alkali-metal ions sources. 
Catalyst  
 
Surface 
area (m
2
/g) 
Total pore 
volume 
(cm
3
/g) 
Average pore 
size (nm) 
Pt content 
(wt%)
d
 
Si/Al 
molar 
ratio
d
 
Na/Cs 
(wt%)
d
 
Pt/Al-MCM-41-20 850 1.79 2.7 1.2 16.3 --- 
Na2CO3- Pt/Al-MCM-
41-20 (Na:BAS = 1:1) 
794 1.71 2.5 1.2 17.7 --- 
Na2CO3- Pt/Al-MCM-
41-20 (Na:BAS = 
10:1) 
835 1.28 2.5 1.1 17.5 --- 
Na2CO3- Pt/Al-MCM-
41-20 (Na:BAS = 
50:1) 
360 1.10 1.9, 3.4 1.2 16.0 --- 
Na2CO3- Pt/Al-MCM-
41-20 (Na:BAS = 
70:1) 
339 1.97 1.9
 a
, 3.4
 a
 1.4 13.7 1.8 
NaOH- Pt/Al-MCM-
41-20
b
 
123 1.25 N.A. 1.8 12.3 2.6 
KNO3- Pt/Al-MCM-
41-20
b
 
820 1.25 2.5 1.1 18.7 --- 
NaNO3- Pt/Al-MCM-
41-20 
b
 
820 1.04 2.5 1.3 18.8 --- 
CsNO3- Pt/Al-MCM-
41-20 
b
 
286 1.17 2.2 1.1 18.9 4.7 
Pt/Al-MCM-41-50 994 1.10 2.7 1.4 7.6 --- 
Na2CO3-Pt/Al-MCM-
41-50
c
 
736 1.05 2.4, 3.8 --- --- --- 
NaOH- Pt/Al-MCM-
41-50
c 
399 0.94 1.9 a, 3.4 a --- --- --- 
KNO3- Pt/Al-MCM-
41-50
c 
939 1.07           2.5 --- --- --- 
NaNO3- Pt/Al-MCM-
41-50
c
 
960 0.85 2.5 --- --- --- 
CsNO3- Pt/Al-MCM-
41-50
c
 
928 0.91 2.5 --- --- --- 
       a
 Very weak intensity of the peak  
         b
 Alkali metal ions : BAS = 50:1 
         c
 Alkali metal solution = 1.8 mL 
        d 
ICP-MS 
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Figure 6-7: SEM images of (a) Pt/Al-MCM-41-20, (b) Na2CO3-Pt/Al-MCM-41-20 (1:1), (c) Na2CO3-Pt/Al-
MCM-41-20 (10:1) and (d) Na2CO3-Pt/Al-MCM-41-20 (50:1). 
 
 
The shape and the particle size of the catalysts were observed from the SEM images. All the 
Na2CO3-Pt/Al-MCM-41-20 catalyts with different Na:BAS ratios had the spherical shape 
with uniform size of the range between 40-60 nm and the alkali-treatment did not change the 
shape and particle size of the catalysts.  
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Figure 6-8: TEM images and the Pt particle size distribution (histograms) of (a) Pt/Al-MCM-41-50, (b) 
Na2CO3-Pt/Al-MCM-41-50 (Na:BAS = 50 : 1), (c) Pt/Al-MCM-41-20 and (d) Na2CO3-Pt/Al-MCM-41-20 
(Na:BAS = 50:1). 
It can be seen from the TEM images and the particle size distributions histograms (Figure 6-8) 
that very well-dispersed platinum nanoparticles were formed inside Al-MCM-41 without the 
formation of large Pt particles on the support surface on both the fresh catalysts and the 
alkali-treated catalysts. The catalysts with narrow particle size distribution within 0.5-4.0 nm 
are consistent with the XRD results. The Pt particle size is around 1.8-2.3 nm for all the 
Pt/Al-MCM-41 catalysts. After the alkali pre-treatment, the mean Pt particles size increased 
slightly from 2.1 to 2.3 nm and 1.8 nm to 2.1 nm for Pt/Al-MCM-41-50 and Pt/Al-MCM-41-
20, respectively. Therefore, the alkali-treatment did not change the mean Pt particle size 
significantly.  
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Figure 6-9: HAADF images of (a) Pt/Al-MCM-41-50, (b) Na2CO3-Pt/Al-MCM-41-50, (c) Pt/Al-MCM-41-
20 (Na:BAS = 50:1) and (d) Na2CO3-Pt/Al-MCM-41-20 (Na:BAS = 50:1). 
 
HAADF-STEM was used to directly investigate the atomic structural information of isolated 
Pt sites [260]. The highly dispersed, very small metallic Pt nanoparticles in the fresh catalysts 
were observed inside the Al-MCM-41 (Figure 6-9 a and c). The alkali-treatment did not 
strongly influences the Pt dispersion and most of the Pt nanoparticles still remained as fine Pt 
particles over Pt/Al-MCM-41-50 and Pt/Al-MCM-41-20 consistent with the HRTEM images. 
The Pt and Al mappings showed that all these atoms are well uniformly dispersed in the 
catalysts.  There are no Na left as confirmed by ICP-MS.  
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Figure 6-10: XPS spectra of (a) Pt/Al-MCM-41-20 and (b) Na2CO3-Pt/Al-MCM-41-20 ((Na:BAS = 50:1). 
Table 6-2: XPS analysis for the alkali-treated Pt/Al-MCM-41 materials. 
Catalyst   Binding energy (eV) 
Pt
0
 Pt
δ+
 Pt
2+
 Al 2p Si 2p O 1s 
Pt foil
[261, 262]
 74.0 70.7 75.1 71.8 76.6 73.4 N.A. N.A. N.A. N.A. 
Pt/MCM-41 74.7 71.2 75.6 72.0 76.3 73.8 N.A. N.A. 103.8 533.2 
Pt/Al-MCM-41-20 74.9 71.5 75.7 71.8 76.7 73.9 74.9 71.5 103.7 532. 
Na2CO3-Pt/Al-MCM-41-20 74.5 71.1 75.3 72.0 76.5 73.6 74.8 71.4 103.3 532.6 
 
XPS is utilized to detect the surface composition, the chemical state of the catalysts and the 
interaction between metal particles and support [263, 264, 287]. The XPS spectrum of Pt-4f 
region over both Pt/Al-MCM-41-20 and Na2CO3-Pt/Al-MCM-41-20 showed three doublet 
peaks. The most intense doublet peaks at 71.1-71.5 and 74.5-74.9 eV is due to metallic Pt 
(Pt
0
), the second intense doublet peaks at 71.8-72.0 and 75.3-75.7 eV can be assigned to 
PtOads (Pt
δ+
), and the third intense doublet peaks at 73.6-73.9 and 76.5-76.7 eV. The weakest 
intensities are most likely from a small amount of Pt(II) chemical state [94, 261, 263, 265]. 
The XPS results in Table 6-2 indicated that there was no significant difference among the 
Pt4f spectra of both non-treated and alkali-treated Pt/Al-MCM-41catalysts. There was only 
one characteristic peak at around 533 eV for the O-1s spectra, which indicates existence of 
only one type of oxygen atom in the samples [266].  
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Figure 6-11: (A) NH3-TPD patterns of the alkali-treated Na2CO3-Pt/Al-MCM-41-20 with different 
Na:BAS ratio; (B) CO2-TPD patterns of the alkali-treated Na2CO3-Pt/Al-MCM-41-20 with different 
Na:BAS ratio and (C) CO2-TPD patterns of the alkali-treated Pt/Al-MCM-41-20 with different alkali-
metal ions sources at alkali : BAS = 50:1. 
NH3-TPD and CO2-TPD give information on the amount and strength of acid sites or basic 
sites of the catalysts, respectively. The results of NH3-TPD and CO2-TPD of the catalysts 
performed in the temperature range from 100 to 800 °C are shown in Figure 6-11. From 
Figure 6-11 (A), there were very broad peaks in the range of 150-350 °C corresponding to the 
weak acidity for all the Na2CO3-Pt/Al-MCM-41-20 with different Na:BAS molar ratios. 
From the CO2-TPD (Figure 6-11 (B)), all the catalysts contains a broad peak in the range of  
150-350 °C corresponding to weak basicity [276]. Na2CO3-Pt/Al-MCM-41-20 with Na:BAS 
= 50:1 had an additional  very sharp peak at 438 °C. About the basicity, Na2CO3-Pt/Al-
MCM-41-20 (Na:BAS = 1:1 and 10:1) with high surface area and uniform pore size had 
dominant very weak basicity, while Na2CO3-Pt/Al-MCM-41-20 (Na:BAS = 50:1) with low 
surface area and bimodal pores had majorly weak and medium basicity. NaOH-Pt/Al-MCM-
41-20 with the lowest surface area and without pore have two peaks, 177 °C and 491 °C,  
weak and medium basicity respectively. KNO3-Pt/Al-MCM-41-20 with large surface area 
and uniform pores had three peaks, 173 °C, 248 °C and 424 °C, two weak and one medium 
basicity, respectively. NaNO3-Pt/Al-MCM-41-20 with large surface area and uniform pores 
had three peaks, 190 °C, 262 °C and 687 °C, which are two weak and one strong basicity. On 
C  
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the other hand, CsNO3-Pt/Al-MCM-41-20 with low surface area and uniform pore size had 
slight basicity at low temperature range. Therefore, NaOH-Pt/Al-MCM-41-20, Na2CO3-
Pt/Al-MCM-41-20 and KNO3-Pt/Al-MCM-41-20 are medium basicity catalysts, while 
NaNO3- Pt/Al-MCM-41-20 is a strong basicity catalyst and CsNO3-Pt/Al-MCM-41-20 is a 
weak basicity catalyst.  
 
6.3.2 Oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with different 
Na:BAS ratios 
Solid base supports without homogeneous base in the solution are desirable in the oxidation 
of alcohols in view of green and sustainable industry [288]. In this chapter, the influences of 
alkali-treatment with different Na:BAS ratio and different alkali-metal ions sources on the 
performance of Pt/Al-MCM-41 catalysts were investigated.  
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Figure 6-12: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with different 
Na:BAS molar ratios with H2 reduction: 1 bar H2 at 400 ºC for 1h. Reaction conditions: 50 mg catalyst, 5 
mL of 0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
Table 6-3: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with different 
Na:BAS molar ratios with H2 reduction: 1 bar H2 at 400 ºC for 1h.. 
Catalyst X Benzyl alcohol 
a
 
(%) 
S Benzaldehyde 
b
 
(%) 
S Benzoic acid 
b
 
(%) 
TOF 
c
 (h
-1
) 
    13%  
Pt/MCM-41 29.3 73 27 96  
Pt/Al-MCM41-20 62.6 100 0 119  
Na2CO3-Pt/Al-MCM41-20 (1:1) 41.8 84 16 95  
Na2CO3-Pt/Al-MCM41-20 (10:1) 50.1 85 15 130  
Na2CO3-Pt/Al-MCM41-20 (50:1) 58.1 100 0 103  
Na2CO3-Pt/Al-MCM41-20 (70:1) 48.2 100 0 128  
Reaction conditions: 50 mg catalyst, 5 mL of 0.3 M benzyl alcohol using water as the solvent, 110°C, 3 bar O2 
a
X Benzyl alcohol is the conversion of benzyl alcohol at 150 min 
b
S Benzaldehyde, S Benzoic acid is the selectivity at 50% of the conversion of benzyl alcohol 
c
Y is the yield obtained at 150 min 
c
TOF is calculated based on Pt dispersion at 13% of the conversion of benzyl alcohol. Dispersion of Pt was 
obtained from a plot of dispersion as a function of mean diameter of Pt particles 
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The activity tests over the alkali-treated Pt/Al-MCM-41-20 catalysts with different Na:BAS 
molar ratios from 1 to 70 are shown in Figure 6-12. At the early stage of the reaction (until 90 
min), the conversion of benzyl alcohol and selectivity to benzaldehyde were similar among 
catalysts. The difference was observed thereafter, suggesting subsequent oxidation of 
benzaldehyde is possible. The alkali-treated Pt/Al-MCM-41-20 catalysts had lower 
conversion than the non-treated one. Increasing the Na:BAS ratio from 1:1 to 50:1, the 
conversion of benzyl alcohol increased from 41.8% to 58.1% (Table 6-3), while further 
increase in the Na:BAS ratio to 70:1 dropped the conversion to 48.2% at 150 min. The non-
treated Pt/Al-MCM-41-20 achieved 100% conversion of benzyl alcohol with 70% selectivity 
to benzaldehyde at 210 min. Na2CO3-Pt/Al-MCM41-20 with Na:BAS=1:1, 10:1, 50:1 and 
70:1 achieved the conversion 56.3%, 67.1%, 95.5%  and 60.6% at 210 min, respectively. The 
turnover frequency (TOF) of these catalysts at 13% conversion of benzyl alcohol is 
summarized in Table 6-3. At 13% conversion of alcohol, the TOFs for Pt/Al-MCM41-20, 
Na2CO3-Pt/Al-MCM41-20 with Na:BAS=1:1, 10:1, 50:1 and 70:1 was 119, 95, 130, 103 and 
128 h
-1
, respectively. Hence, Na2CO3-Pt/Al-MCM41-20 with Na:BAS=10:1 had the highest 
TOF (130 h
-1
) at 13% conversion. According to the XRD, BET, SEM and HRTEM analyses, 
increasing the molar ratios of Na:BAS from 1:1 to 10:1, the disordered structure occurred in 
these mesostructured materials. When the Na: BAS molar ratio reached 50:1 and 70:1, the 
pore structure was partially destroyed to form bimodal pores or completely destroyed. The 
alkali-treated catalysts had lower conversion compared to the non-treated catalyst with 
acidity due to the low surface area. Hence, the alkali-treatment apparently influenced the 
porous properties of the catalysts, broking silicate Si-O-Si linkages in the structure [280-283] 
and partially or completely destroyed the pores. 
There are only two products generated in this reaction, benzaldehyde and benzoic acid. The 
non-treated Pt/Al-MCM41-20 and Na2CO3-Pt/Al-MCM41-20 with Na:BAS=70:1 and 50:1 
had 100% selectivity to benzaldehyde, whereas Na2CO3-Pt/Al-MCM41-20 with 
Na:BAS=10:1 and 1:1 had 84.5% and 83.6% selectivity, respectively. Based on the above 
results, the reaction took place on the Pt surface. In addition, the free BAS can slower further 
oxidation to generate benzoic acid. 
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6.3.3 Oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with different 
alkali-metal ions sources 
Alkali-treated Pt/Al-MCM-41-20 with different alkali-metal ions sources on the performance 
of benzyl alcohol oxidation was investigated. The five different alkali-metal ions sources 
included NaOH, Na2CO3, KNO3, NaNO3 and CsNO3.  
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Figure 6-13: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with 0.1M 
different alkali-metal ions sources pre-treatment. H2 reduction: 1 bar H2 at 400 ºC for 1h. Reaction 
conditions: 50 mg catalyst, 5 mL of 0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
 
Table 6-4: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-20 with 0.1M different 
alkali-metal ions sources pre-treatment. H2 reduction: 1 bar H2 at 400 ºC for 1h.  
Catalyst X Benzyl alcohol 
a
 
(%) 
S Benzaldehyde 
b
 (%) S Benzoic acid 
b
 (%) Y 
c 
(%) 
Pt/Al-MCM41-20 86.3 100 0 74.2 
NaOH-Pt/Al-MCM-41-20 59.7 100 0 59.7 
Na2CO3-Pt/Al-MCM41-20  79.4 100 0 76.1 
KNO3-Pt/Al-MCM-41-20 82.6 100 0 76.3 
NaNO3-Pt/Al-MCM-41-20 72.4 100 0 72.4 
CsNO3-Pt/Al-MCM-41-20 65.8 100 0 65.8 
Reaction conditions: 50 mg catalyst, 5 mL of 0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
a
X Benzyl alcohol is the conversion of benzyl alcohol at 180 min 
b
S Benzaldehyde, S Benzoic acid is the selectivity at 50% of the conversion of benzyl alcohol 
c
Y is the yield obtained at 180 min 
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All the alkali-treated Pt/Al-MCM-41-20 achieved 100% conversion during 300 min except 
NaOH-Pt/Al-MCM-41-20 with 97.7% conversion. The conversion did not have significant 
difference among all the different alkali-metal ions sources and all of these catalysts achieved 
100% selectivity to benzaldehyde at 50% conversion. In overall, the selectivity to 
benzaldehyde was much higher over all the alkali-treated supports compared to the non-
treated one for longer reaction time. These results indicate that the acidic supports are 
responsible for the conversion and the alkali-treatment of different sources has no influence 
on the conversion of alcohol and the product selectivity during the oxidation of alcohols.  
 
6.3.4 Oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-50 with different 
alkali-metal ions sources  
Alkali-treated Pt/Al-MCM-41-50 catalysts with different alkali-metal ions sources were 
prepared and the performance on the alcohol oxidation was also studied. 
0 60 120 180 240 300
0
10
20
30
40
50
60
70
80
90
100
 
 
C
o
n
v
e
rs
io
n
 (
%
)
Time (min)
 Pt/Al-MCM-41-50 
 NaOH
 Na2CO3
 KNO3
 NaNO3
 CsNO3
 
 
202 
 
 
0 60 120 180 240 300
0
10
20
30
40
50
60
70
80
90
100
0
10
20
30
40
50
60
70
80
90
100
 S
B
e
n
z
o
ic
 a
c
id
 (
%
)
S
B
e
n
z
a
ld
e
h
y
d
e
 (
%
)
 Pt/Al-MCM-41-50
 NaOH
 Na
2
CO
3
 KNO
3
 NaNO
3
 CsNO
3
 
 
Time (min)
 
0 60 120 180 240 300
0
10
20
30
40
50
60
70
80
90
100
Y
B
e
n
z
a
ld
e
h
y
d
e
 (
%
)
 Pt/Al-MCM-41-50
 NaOH
 Na
2
CO
3
 KNO
3
 NaNO
3
 CsNO
3
 
 
Time (min)
 
Figure 6-14: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-50 with 0.1 M 
different alkali-metal ions sources pre-treatment. Conditions: H2 reduction pre-treatment, 50 mg catalyst, 
0.3 M benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
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Table 6-5: Selective oxidation of benzyl alcohol over alkali-treated Pt/Al-MCM-41-50 with 0.1M different 
alkali-metal ions sources pre-treatment.  
Catalyst X Benzyl alcohol 
a
 
(%) 
S Benzaldehyde 
b
 (%) S Benzoic acid 
b
 (%) Y 
c 
(%) 
Pt/Al-MCM41-50 100.0 100.0 0.0 55.6 
NaOH- Pt/Al-MCM41-50 63.0 100.0 0.0 60.2 
Na2CO3- Pt/Al-MCM41-50  80.8 97.5 2.5 61.2 
KNO3- Pt/Al-MCM41-50 54.0 100.0 0.0 54.0 
NaNO3- Pt/Al-MCM41-50 50.2 100.0 0.0 50.2 
CsNO3- Pt/Al-MCM41-50 53.0 100.0 0.0 53.0 
Conditions: H2 reduction pre-treatment, 50 mg catalyst, 0.3 M benzyl alcohol using water as the solvent, 110 °C, 
3 bar O2. 
a
X Benzyl alcohol is the conversion of benzyl alcohol at 210 min 
b
S Benzaldehyde, S Benzoic acid is the selectivity at 50% of the conversion of benzyl alcohol 
c
Y is the yield obtained at 210 min 
 
 
Five different types of alkali-metal ions sources were used for the alkali-treatment of Pt/Al-
MCM-41-50. All alkali-treated Pt/Al-MCM-41-50 had much lower conversion compared to 
the non-treated one as shown in Figure 6-14 and Table 6-5. This clearly indicates that acidic 
supports had strong enhancement in the activity of the catalysts for alcohol oxidation, while 
the alkali-treated catalysts slower the reaction. At 210 min, NaOH-Pt/Al-MCM-41-50, 
Na2CO3-Pt/Al-MCM-41-50, KNO3-Pt/Al-MCM-41-50, NaNO3-Pt/Al-MCM-41-50 and 
CsNO3-Pt/Al-MCM-41-50 achieved 63.0, 80.8, 54.0, 50.2 and 53.0% conversion, 
respectively. The order of the catalytic activity for these catalysts was: Na2CO3-Pt/Al-MCM-
41-50 > NaOH-Pt/Al-MCM-41-50 > KNO3-Pt/Al-MCM-41-50 > CsNO3-Pt/Al-MCM-41-50 > 
NaNO3-Pt/Al-MCM-41-50. Similar trend was observed for the yield of benzaldehyde for all 
these catalysts at 210 min. The selectivity to benzaldehyde at 50% conversion was 100% 
except Na2CO3-Pt/Al-MCM-41-50 97.5%.  
The higher conversion over both NaOH-Pt/Al-MCM-41-50 and Na2CO3-Pt/Al-MCM-41-50 
is possibly due to the increase in the structural defects as a consequence of the disordered 
structure occurred in these mesostructured materials according to the XRD and BET analysis.  
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6.3.5 Oxidation of benzyl alcohol over alkali-treated Pt/MCM-41 with different alkali-
metal ions sources  
Alkali-treated Pt/MCM-41 catalysts with different alkali-metal ions sources were prepared 
and the performance on the alcohol oxidation was studied.
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Figure 6-15: Selective oxidation of benzyl alcohol over Pt/MCM-41 with 0.1 M different alkali-metal ions 
sources pre-treatment. Conditions: H2 reduction pre-treatment, 50 mg catalyst, 0.3 M benzyl alcohol 
using water as the solvent, 110 °C, 3 bar O2. 
 
Table 6-6: Selective oxidation of benzyl alcohol over alkali-treated Pt/MCM-41 with 0.1 M different 
alkali-metal ions sources pre-treatment. Conditions: H2 reduction pre-treatment, 50 mg catalyst, 0.3 M 
benzyl alcohol using water as the solvent, 110 °C, 3 bar O2. 
Catalyst X Benzyl alcohol 
a
 
(%) 
S Benzaldehyde 
b
 (%) S Benzoic acid 
b
 (%) Y 
c 
(%) 
Pt/MCM-41 32.6 100.0 0.0 32.6 
Na2CO3-Pt/MCM41 29.4 93.8 6.2 27.6 
KNO3-Pt/MCM-41 28.3 100.0 0.0 28.3 
Conditions: H2 reduction pre-treatment, 50 mg catalyst, 0.3 M benzyl alcohol using water as the solvent, 
110 °C, 3 bar O2. 
a
X Benzyl alcohol is the conversion of benzyl alcohol at 180 min 
b
S Benzaldehyde, S Benzoic acid is the selectivity at 50% of the conversion of benzyl alcohol 
c
Y is the yield obtained at 180 min 
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All the Pt/MCM-41 achieved 30-35% conversion during 300 min. The conversion did not 
have significant change among all of these catalysts with or without alkali-treatment, though 
the alkali-treated catalysts had slightly lower conversion. The selectivity to benzaldehyde was 
slightly high over KNO3-Pt/MCM-41, and slightly low over Na2CO3-Pt/MCM-41 compared 
to Pt/MCM-41. The yield to benzaldehyde at 180 min was in similar order as the conversion.  
6.4 Conclusion 
The alkali-treated Pt/Al-MCM-41 samples were prepared to investigate the influence of this 
treatment on the physical structure of these catalysts and the performance in the oxidation of 
benzyl alcohol. The alkali-treatment apparently influenced the porous properties of the 
catalysts. Na2CO3-Pt/Al-MCM-41-20 with Na:BAS = 1:1 and 10:1, KNO3-Pt/Al-MCM-41-
20, NaNO3-Pt/Al-MCM-41-20, KNO3-Pt/Al-MCM-41-50, NaNO3-Pt/Al-MCM-41-50 and 
CsNO3-Pt/Al-MCM-41-50 had high surface area and uniform pore size. Na2CO3-Pt/Al-
MCM-41-20 with Na:BAS = 50:1 and 70:1, NaOH-Pt/Al-MCM-41-50 and Na2CO3-Pt/Al-
MCM-41-50 had low surface area and the pore structure was partially destroyed to form 
bimodal pores or completely destroyed. NaOH-Pt/Al-MCM-41-20 had the lowest surface 
area without pores. However, the alkali-treatment did not significantly influence the particle 
size and shape and the mean Pt particle size (1.8-2.3 nm). Well dispersed Pt 48-63% 
dispersion remained on the support. The smaller particle size and the higher number of 
exposed surface active sites gave higher conversion with catalysts using acidic supports. The 
enhancement of the activity was possibly due to the increase of the structural defects to 
promote diffusion of reactants, and to improve the formation of alcoholate. All alkali-treated 
Pt/Al-MCM-41-50 had much lower conversion compared to the non-treated one. This clearly 
indicates that acidic supports had strong enhancement in the activity of the catalysts for 
alcohol oxidation, while the alkali-treated catalysts slower the reaction. For Pt/MCM-41, the 
conversion did not have significant difference among all the different alkali-metal ions 
sources with around 30% conversion of benzyl alcohol and 94-100% selectivity to 
benzaldehyde. In conclusion, the acidic supports were responsible for the conversion and the 
alkali-treated catalysts had a significant influence on the mesoporous structure; decrease in 
the surface area and the generation of biporous structure. 
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7. CONCLUSIONS AND RECOMMENDATIONS 
        
Heterogeneous metal oxide and metal catalysts are promising for oxidation reactions, 
including oxidation reaction over titanium-containing mesoporous catalysts using hydrogen 
peroxide as the oxidant and benzyl alcohol oxidation reaction over supported non-treated and 
alkali-treated Pt/Al-MCM-41 catalysts using molecular oxygen as the oxidant in liquid phase.   
In Chapter 3, a one-pot room-temperature direct synthesis method for a series of Ti-MCM-41 
(different Si/Ti molar ratio) with/without BAS was developed by using different mineralizers 
(NaOH/NH4OH). All the catalysts had high specific surface area with narrow pore size 
distribution and highly ordered hexagonal structure. The most effective catalyst, H/Ti-MCM-
41-10 with acidity, achieved 26.9% conversion of cyclohexene and 29.8% selectivity to the 
product generated from the oxidation of C=C bond and 70.2% selectivity to the products 
generated from the oxidation of allylic C-H bond. On the other hand, Na/Ti-MCM-41-10 
without acidity had extremely low conversion of cyclohexene (7.3%) and 33.4% selectivity to 
the product from C=C bond oxidation and 66.6% selectivity to the products from allylic C-H 
bond oxidation. The Brønsted acidity generated on H/Ti-MCM-41 was quite weak, but still 
strong enough to associate with hydrogen peroxide to form the active species Ti(OOH) and 
Ti(O2
-.
), confirmed by a comprehensive diffuse reflectance UV-Visible (DRUV-visible) and 
EPR spectroscopies study. The activity and the selectivity of epoxide over the H/Ti-MCM-41 
were increased as the Ti loading. High activity was achieved at high Ti loading as more 
isolated tetrahedral Ti
4+
 were present. 
In Chapter 4, the one-pot room-temperature direct synthesis method and the post synthesis 
method for Ti-MCM-41 preparation using various Ti precursors were developed for 
evaluation of their coordination and performance on the cyclohexene oxidation. The Ti sites 
were fully investigated by DRUV-visible and EPR spectroscopies. Different Ti precursors 
and different synthesis methods produced samples of varied physical-chemical properties and 
subsequently resulted in diverse catalytic activities. Ti-MCM-41(CT)-D and Ti-MCM-
41(TS)-D prepared by the direct synthesis method and all the Ti-MCM-41 catalysts prepared 
by the two-step room-temperature synthesis achieved higher conversion of cyclohexene (~27-
33%) than Ti-MCM-41(TIP)-D (~15%). The high activity of the catalysts was attributed to 
the isolated tetrahedral Ti sites incorporated into the framework. The low conversion over Ti-
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MCM-41(TIP)-D was due to the formation of high amount of Ti species in a penta- and 
octahedral coordination and the large particle size. The selectivity to the products obtained 
via the oxidation of C=C was 29.8%, 47.2% and 18.6% corresponding to Ti-MCM-41(TS)-D, 
Ti-MCM-41(CT)-D and Ti-MCM-41(TIP)-D, respectively. Therefore, the selectivity to the 
products may be correlated with the amount of acid sites in these catalysts and the relative 
concentration of Ti(OOH) to Ti(O2
-.
). Increasing the total amount of acid sites increased the 
selectivity to the products generated via oxidation of C=C bond on Ti(OOH). Moreover, the 
formation of Ti(O2
-.
) favoured the oxidation of allylic C-H bond. Ti(OOH) Therefore, these 
structure-activity relations can contribute to a better control of chemoselectivity in the 
titanosilicates system.  
In Chapter 5, the well dispersed size-confined Pt nanoparticles (mean particle size in the 
range of 1.7-2.1 nm) into Al-MCM-41 with different density of surface Brønsted acid sites 
(BAS) but similar acid strength were prepared successfully by the wet-impregnation method. 
The influence of the support acidic properties on the catalytic performance of Pt/Al-MCM-
41with different Si/Al molar ratios in the oxidation of benzyl alcohol was investigated. Pt 
particles covering a small amount of acidic OH groups dramatically increased the conversion, 
while Pt/MCM-41 without any acidic OH groups had much lower activity (both conversion 
and selectivity). The most effective Pt/Al-MCM-41-50 catalyst with all the Pt covering acid 
sites had the highest conversion (72.6%), which was around 3-4 times higher than the rest 
Pt/Al-MCM-41 catalysts. The presence of free BAS on the support surface may inhibit 
dehydrogenation via H-abstraction, thus lower the amount of alkoxide intermediate compared 
to the Pt/Al-MCM-41-50 without free BAS. The reaction took place on the Pt surface and the 
free BAS slowed further oxidation to benzoic acid. 
In Chapter 6, the influence of the alkali-treatment of Pt/Al-MCM-41-20 on the catalytic 
activity was investigated with different Na:BAS molar ratio and different alkali-metal ions 
sources. The changes in the pore size and structure by the alkali-treatment were correlated 
with the performance for oxidation of benzyl alcohol. In comparison, Pt/Al-MCM-41-50 and 
Pt/MCM-41 treated with different base sources were prepared and the performance on the 
alcohol oxidation was also studied. All the alkali-treated Pt/Al-MCM-41 catalysts afforded 
similar high activity compared to the non-treated one. The smaller particle size and the higher 
number of exposed surface active sites gave the higher the conversion. The catalysts prepared 
by different alkali-metal ions sources had lower conversion compared the non-treated catalyst 
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with acidic support due to the low surface area and less exposed surface active sites. By the 
alkali-treatment, the pore structure was partially destroyed to form bimodal pores and 
completely destroyed when Pt/Al-MCM-41-20 was treated with Na2CO3 at Na:BAS=50:1 
and 70: 1, respectively. The selectivity to benzaldehyde over all the alkali-treated catalysts 
was much higher than the catalyst presenting acidity after longer reaction time. Similar trends 
were found in the alkali-treated Pt/Al-MCM-41-50 and Pt/MCM-41 catalysts. Therefore, the 
acidic supports were responsible for the conversion and the alkali-treated catalysts influenced 
the product selectivity during the oxidation of alcohols.  
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